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I. INTRODUCTION

This volume (2), which consists of two parts (A and B), of the Plasma Diagnostics

Package (PDP) Final Seienee Report contains a summary of all of the data reduetion and

scientific analyses whieh were. performed using PDP data obtained on STS-SlF as a part

of the Spaeelab 2 (SL-2) payload. This work was performed under NASA/Marshall Spare

Flight Center Contract No. NAS8-32807 with the University of Iowa during the period of

launch, July 29, 1985, through June 30, 1988. During this period the primary data

reduction effort consisted of processing summary plots of the data received by 12 of the

14 instruments loeated on the PDP and submitting these data to the National Spare

Science Data Center (NSSDC).

The seientifie analyses during the performanee period consisted of follow-up

studies of shuttle orbiter environment and orbiter/ionosphere interactions and various

plasma particle and wave studies whieh dealt with data taken when the PDP was on the

Remote Manipulator System (RMS) arm and when the PDP was in free flight. Of

particular interest during the RMS operations and free flight were the orbiter wake

studies and joint studies of beam/plasma interactions with the SL-2 Fast Pulse Electron

Generator (FPEG) of the Vehiele Charging and Potential Investigation (VCAP). Internal

reports, published papers and presentations whieh involve PDP/SL-2 data are listed in

Sections III and IV. In addition, three Master's and three Ph.D. theses were written using

PDP instrumentation data. These theses are listed and copies are included in Volume 2,

Part B. A PDP/SL-2 scientific results meeting was held at the University of Iowa on

June 10, 1986. This meeting was attended by most of the PDP and VCAP investigators

and provided a forum for discussing and comparing the various results, particularly with

regard to the PDP free flight.



II. SUMMARY OF DATA PROCESSED

During the period July 29, 1985 through June 30, 1988, the University of Iowa

generated 10-minute color survey slides for all of the times when the PDP was turned on

during the SL-2 flight, July 29, 1985 to August 6, 1985. These slides contain 15 panels

of data representing the output from 12 of the instruments mounted on the PDP

structure. Two sets of slides, together with a Data User's Guide, were submitted to

NSSDC on June 13, 1988. In addition, 70 mm black and white wideband analog film for

certain specified portions of the SL-2 flight was generated showing high time and

frequency resolution of the electric and magnetic noise signals (0-30 kHz) received by

the wideband analog receiver mounted on the PDP. This film, together with a Data

User's Guide, was submitted to NSSDC on June 16, 1988.



III.INTERNAL REPORTS

A list of University of Iowa internally-generated reports, which contain PDP/SL°2

data, is given below. None of the internal reports was published, but each is on file in

the PDP Project Office in the Department of Physics and Astronomy.

KUSR Final Engineering Report (Ku-Band/S-Band Receiver) for the PDP on Spacelab, G.
B. Murphy, presented to the Aerospace Corporation, E1 Segundo, California, April,
1985.

Plasma Diagnostics Package (PDP) 90-Day Summary Science Report, L. A. Frank, W. S.
Kurth, et al., Required Report under Marshall Space Flight Center Contract NAS8-
32807, Huntsville, Alabama, November, 1985.

Plasma Diagnostics Package/Spacelab-2 Data User'sGuide, compiled by J. S. Pickett,
University of Iowa, Iowa City, Iowa, January, 1986.

Flight Thermal Report PDP/SL-2, M. E. Kerl, Engineering Report No. ER-07-86.006,
University of Iowa, Iowa City, Iowa, June, 1986.

Measurements of Plasma Density and Turbulence Near the Shuttle Orbiter, A. Tribble,
N. DtAngelo, G. Murphy, and J. Pickett, January, 1987.

,J
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IV. PUBLICATIONS

A list of publications and oral presentations, which contain PDPISL-2 data, is

given below. Copies of the publications are included in the remainder of this volume.

A. LIST OF PUBLICATIONS IN REFEREED JOURNALS

Whistler-Mode Radiation from the Spacelab 2 Electron Beam, D. A. Gurnett, W. S.
Kurth, J. T. Steinberg, P. M. Banks, R. I. Bush, and W. J. Raitt, __hys. Res. Lett.
13, 225-228, 1986.

Thermal Ion Perturbations Observed in the Vicinity of the Space Shuttle, J. M.
Grebowsky, H. A. Taylor, Jr., M. W. Pharo, Ill, and N. Reese, Planet. Space Sci.,
501-513, 1987.

Electromagnetic Fields from Pulsed Electron Beam Experiments in Space: Spacelab-2
Results, R. I. Bush, G. D. Reeves, P. M. Banks, T. Neubert, P. R. Williamson, W. J.
Raitt, and D. A. Gurnett, Geophys. Res. Lett., 14, 1015-1018, 1987.

The Emissions of Broadband Electrostatic Noise in the Near Vicinity of the Shuttle
Orbiter, K. S. Hwang, N. H. Stone, K. H. Wright, Jr., and U. Samir, Planet. Space
Sci., 35, 1373-1379, 1987.

Thermal Ion Complexities Observed within the Spacelab 2 Bay, J. M. Grebowsky, H. A.
Taylor, Jr., M. W. Pharo, III, and N. Reese, Planet. Space Sci., 35, 1463-1469, 1987.

An Analysis of Whistler - Mode Radiation from the Spacelab 2 Electron Beam, W. M.
Farrell, D. A. Gurnett, P. M. Banks, R. I. Bush, and W. J. Raitt, J. Geophys. Res.1 93,
153-161, 1988.

Double Probe Potential Measurements Near the Spacelab-2 Electron Beam, J. T.
Steinberg, D. A. Gurnett, P. M. Banks and W. J. Raitt, J. Geophys. Res., submitted,
July, 1987, resubmitted April, 1988.

Coherent Cerenkov Radiation from the Spacelab-2 Electron Beam, W. M. Farrell, D. A.
Gurnett, C. K. Goertz, J. Geophys. Res., submitted October, 1987, resubmitted May,
1988.

The Plasma Wake of the Shuttle Orbiter, G. B. Murphy, D. L. Reasoner, A. Tribble, N.
D'Angelo, J. S. Pickett, W. S. Kurth, J. Geophys. Res., submitted December, 1987,
resubmitted May, 1988.

The Polar Code Wake Model: Comparison With In-Situ Observations, G. Murphy, I. Katz,
J. Geophys. Res., submitted December, 1987, resubmitted May, 1988.

Orbiter Environment at S- and Ku-Band Frequencies, G. B. Murphy and W. D. Cutler, J.
of Spacecraft and Rockets, 25, 81-87, 1988.
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Exposed High-Voltage Source Effect on the Potential of an Ionospheric Satellite, A. C.
Tribble, N. DtAngelo, G. B. Murphy, J. S. Pickett, and J. T. Steinberg, J. of
Spacecraft and Rockets, 2_ 64-69, 1988.

The Gaseous Environment of the Shuttle Early in the Spacelab 2 Mission, J. S. Pickett,
G. B. Murphy and W. S. Kurth, J. of Spacecraft and Rockets, _ No. 2, 1988.

Pulsed Electron Beam Emission in Space, T. Neubert, J. G. Hawkins, G. D. Reeves, P. M.
Banks, R. I. Bush, P. R. Williamson, D. A. Gurnett, and W. J. Raitt, Journal of
Geomagnetism and Geoeleetricity, submitted, February, 1988.

Plasma Wave Turbulence Around the Shuttle: Results from the Spacelab-2 Flight, D. A.
Gurnett, W. S. Kurth, J. T. Steinberg, and S. D. Shawhan, Geophys. Res. Lett.,
submitted April, 1988.

On the Expansion of Ionospheric Plasma into the Near-Wake of the Shuttle Orbiter,
N. H. Stone, K. H. Wright, Jr., U. Samir, and K. S. Hwang, Geophys. Res. Lett.,

submitted April, 1988.

VLF Wave Emissions by PuLsed and DC Electron Beams in Space 1:Spacelab-2
Observations, G. D. Reeves, P. M. Banks, T. Neubert, R. I. Bush, P. R. Williamson,

A. C. Fraser-Smith, D. A. Gurnett, and W. J. Raitt, J. Geophys. Res., submitted April,
1988.

VLF Wave Emissions by PuLsed and DC Electron Beams in Space 2: Analysis of
Spacelab-2 Results, G. D. Reeves, P. M. Banks, T. Neubert, K. J. Harker, and D. A.
Gurnett, J. Geophys. Res., submitted April, 1988.

Hot Ion Plasmas from the Cloud of Neutral Gases Surrounding the Orbiter, W. R.
Paterson and L. A. Frank, J. Geophys. Res., in preparation, 1988.

The Spaeelab 2 Plasma Diagnostics Package, W. S. Kurth and L. A. Frank, J. Spacecraft
and Rockets, in preparation, 1988.

B. LIST OF PUBLICATIONS IN PROCEEDINGS

A Review of the Findings of the Plasma Diagnostic Package and Associated Laboratory
Experiments: Implications of Large Body/Plasma Interactions for Future Space
Technology, Gerald B. Murphy and Karl E. Lonngren, Proceedings of the Workshop on
Space Technology Plasma Issues in 2001, Jet Propulsion Laboratory, Pasadena, CA,
September 24-26, 1986.

Contaminant Ions and Waves in the Space Station Environment, G. B. Murphy, Space
Station Contamination Workshop Proceedings, OSSA/NASA, Hilton Head, SC,
October 29-30, 1987.



C. LIST OF ORAL PRESENTATIONS

Plasma Diagnostics Package (PDP) 90-Day Summary Science Report, L. A. Frank, W. S.

Kurth, et al.,presented at 90-Day Spaeelab-2 Science Meeting, Marshall Space
Flight Center, Huntsville,Alabama, November 14-15, 1985.

The Gaseous Environment of the Spaee Shuttle,J. S. Pickett, G. B. Murphy, W. S. Kurth,

presented at AIAA Shuttle Environment and Operations IIMeeting, American

Instituteof Aeronautics and Astronautics, Houston, Texas, November 13-15, 1985.

Electromagnetic Environment of the Orbiter at S and Ku-Band Frequencies, G. B.
Murphy, W. D. Cutler, presented at AIAA Shuttle Environment and Operations II
Meeting, American Institute of Aeronautics and Astronautics, Houston, Texas,
November 13-15, 1985.

Plasma Waves Observed Near the Shuttle During the SL-2 Mission, D. A. Gurnett, J.

Steinberg, W. Kurth, P. Banks, R. Bush, presented at the 1985 FallAGU Meeting,

American Geophysical Union, San Francisco, California,December 9-13, 1985.

Electric Field Measurements Near the Shuttle During the SL-2 Mission, J. Steinberg, D.
Gurnett, R. Bush, J. Raitt,presented at the 1985 Fall AGU Meeting, American
Geophysical Union, San Francisco, California,December 9-13, 1985.

Charged Particle DistributionsMeasured in the Vicinityof the Space Shuttle,W. R.

Paterson, L. A. Frank, P. M. Banks, presented at the 1985 FallAGU Meeting,

American Geophysical Union, San Francisco, California,December 9-13, 1985.

Plasma Densities and Temperatures Near the Shuttle Orbiter, A. C. Tribble, J. S.
Pickett, N. D'Angelo, G. B. Murphy, presented at the 1985 Fall AGU Meeting,
American Geophysical Union, San Francisco, California, December 9-13, 1985.

Results from the Plasma Diagnostics Package, L. A. Frank, D. A. Gurnett, N. D'Angelo,
J. M. Grebowsky, D. L. Reasoner, N. H. Stone, presented at the AIAA 24th

Aerospace Sciences Meeting, American Instituteof Aeronautics and Astronautics,
Reno, Nevada, January 6-9, 1986.

Velocity Distributions of Plasmas Associated with Electron Beam Injections During the
SL-2 Mission, L. A. Frank, W. R. Paterson, P. M. Banks, R. I. Bush, W. J. Raitt,
presented at the 1986 National Radio Science Meeting, International Union of Radio
Science, Boulder, Colorado, January 13-16, 1986.

Short Wavelength Electrostatic Noise Observed in the Vicinity of the Shuttle During the
SL-2 Mission, D. A. Gurnett, J. T. Steinberg, W. S. Kurth, presented at the 1986
National Radio Science Meeting, International Union of Radio Science, Boulder,
Colorado, January 13-16, 1986.

Wave Emissions from the SL-2 Electron Beam: Similarities to the Aurora, D. A.
Gurnett, W. S. Kurth, J. T. Steinberg, T. Neubert, R. Bush and P. Banks, presented at
the 1986 National Radio Science Meeting, International Union of Radio Science,
Boulder, Colorado, January 13-16, 1986.
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Electromagnetic Environment of the Oribter at S and KU-Band Frequencies, G. B.
Murphy and W. D. Cutler, presented to the Aerospace Corporation, Los Angeles, CA,
April 8, 1986.

Conditions for the Emission of Broadband Electrostatic Waves Near the Shuttle Orbiter,
K. S. Hwang, N. H. Wright, Jr., U. Samir, paper presented at the 1986 Spring AGU
Meeting, American Geophysical Union, Baltimore, Maryland, May 19-23, 1986.

A Preliminary View of the Orbiter Plasma Wake from Spacelab 2, K. H. Wright, Jr.,
N. H. Stone, K. S. Hwang, U. Samir, paper presented at the 1986 Spring AGU Meeting,

American Geophysical Union, Baltimore, Maryland, May 19-23, 1986.

Electric Fields Associated with the SL-2 Electron Beam, J. T. Steinberg, D. A. Gurnett,
P. M. Banks, presented at the 1986 Spring AGU Meeting, American Geophysical
Union, Baltimore, Maryland, May 19-23, 1986.

Measurements of the Power and Efficiency of Whistler-Mode Radiation from the
Spacelab-2 Electron Beam, W. M. Farrell,D. A. Gurnett, P. M. Banks, presented at

the 1986 Spring AGU Meeting, American Geophysical Union, Baltimore, Maryland,

May 19-23, 1986.

Spatial Extent of Thermal Plasma Contaminants in the Vicinity of the Space Shuttle
During the SL-2 Mission, J. M. GrebowskT, H. A. Taylor, Jr., M. W. Pharo Ill, N. T.
Reese, presented at the 1986 Spring AGU Meeting, American Geophysical Union,
Baltimore, Maryland, May 19-23, 1986.

A Study of the Space Shuttle's Wake Using the Plasma Diagnostics Package, W. S. Kurth,
L. A. Frank, N. D'Angelo, J. M. GrebowskT, D. A. Gurnett, G. B. Murphy, D. L.
Reasoner, N. H. Stone, presented at XXVI COSPAR 86, Toulouse, France, June 30-
July 12, 1986.

Comparison Between In-situ and Ground-based Plasma Interactions, N. H. Stone,
presented at the Workshop on Space Technology Plasma Issues in 2001, Jet
Propulsion Laboratory, Pasadena, California, September 24-26, 1986.

Overview of Discoveries from PDP Spaeelab Plasma Experiments -- New and
Unanswered Questions, G. B. Murphy, presented at the Workshop on Space
Technology Plasma Issues in 2001, Jet Propulsion Laboratory, Pasadena, California,
September 24-26, 1986.

Electron and Ion Distributions Associated with the Electron Beam and the Neutral Gas

Envelope of the Orbiter, _. R. Paterson and L. A. Frank, presented at Spacelab 2
Scientific Results Meeting, Annapolis, Maryland, October 20-22, 1986.

Plasma Turbulence and Spacecraft Charging Near the Shuttle Orbiter, A. Tribble and N.
D'Angelo, presented at Spacelab 2 Scientific Results Meeting, Annapolis, Maryland,
October 20-22, 1986.

Neutral Pressure Results from SL-2, J. Pickett, presented at Spacelab 2 Scientific
Results Meeting, Annapolis, Maryland, October 20-22, 1986.

Some Spatial and Temporal Complexities in the Shuttle's Thermal Ion Envelope, J.
Grebowsk'T, presented at Spacelab 2 Scientific Results Meeting, Annapolis, Maryland,
October 20-22, 1986.



Assessmentof Ku-Band and S-Band Orbiter Electromagnetic Interference, G. Murphy,
and W. Cutler, presented at Spaeelab 2 Scientific Results Meeting, Annapolis,
Maryland, October 20-22, 1986.

Electrostatic Noise Induced by Gas Clouds Around the Shuttle, D. Gurnett, presented at
Spacelab 2 Scientific Results Meeting, Annapolis, Maryland, October 20-22, 1986.

Whistler Mode Radiation from the Electron Beam, W. FarreU and D. Gurnett, presented
at Spaeelab 2 Scientific Results Meeting, Annapolis, Maryland, October 20-22, 1986.

Double Probe Electric Field Measurements Near the Electron Beam, J. Steinberg and D.
Gurnett, presented at Spaeelab 2 Scientific Results Meeting, Annapolis, Maryland,
October 20-22, 1986.

The Large Scale Wake Structure of the Shuttle Orbiter, G. B. Murphy, I. Katz, D. L.
Reasoner, N. D'Angelo, J. S. Pickett, W. S. Kurth, presented at the 1986 Fall AGU

Meeting, American Geoph,/sical Union, San Francisco, California, December 8-12,
1986.

The Effect of the Earth's Magnetic Field on Plasma Turbulence Near the Shuttle
Orbiter, A. C. Tribble, N. D'Angelo, G. B. Murphy, J. S. Pickett, presented at the
1986 Fall AGU Meeting, American Geophysical Union, San Francisco, California,
December 8-12, 1986.

Possible Wave Generation Mechanisms of the Whistler Mode Signal from the SL-2
Electron Beam, W. M. Farrell, D. A. Gurnett, S. Maehida, presented at the 1986 Fall
AGU Meeting, American Geophysical Union, San Francisco, California, December 8-
12, 1986.

Ambient Ion Perturbations Induced by an Electron Gun on the Shuttle Orbiter, D. L.
Reasoner and R. I. Bush, presented at the 1986 Fall AGU Meeting, American
Geophysical Union, San Francisco, California, December 8-12, 1986.

An Analysis of the Electrostatic Noise Observed Around the Shuttle During the SL-2
Mission, D. A. Gurnett, T. Z. Ma, and A. M. Persoon, presented at the 1987 Spring
AGU Meeting, American Geophysical Union, Baltimore, Maryl&nd, May 18-22, 1987.

Electric Field Measurements Near the Space Shuttle at Times of Shuttle Thruster

Operation, J. T. Steinberg, D. A. Gurnett, presented at the 1987 Spring AGU
Meeting, American Geophysical Union, Baltimore, Maryland, May 18-22, 1987.

Effect of an Exposed High-Voltage Source on the Potential of an Ionospherie Satellite
Released from the Shuttle Orbiter, A. C. Tribble, N. D'Angelo, G. B. Murphy, J. S.
Pickett, and J. T. Steinberg, presented at the 1987 Spring AGU Meeting, American
Geophysical Union, Baltimore, Maryland, May 18-22, 1987.

Shuttle/Plasma Interactions and Subsatellites, G. B. Murphy, presented at the Space
Physics Briefing for Astronaut Corps, Johnson Space Center, Houston, Texas,
September 9, 1987.

Plasma Wave Emissions from the SL-2 Electron Beam, D. A. Gurnett, presented (invited)
at the Active Experiments Workshop, Kyoto, Japan, October 19-20, 1987.
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The Secondary Electron Beams and Plasma Waves Associated with Electron Beam
Injection in Space, L. A. Frank, D. A. Gurnett, M. Ashour_AbdaUa, W. R. Paterson,
W. S. Kurth, N. Omidi, P. M. Banks and W. J. Raitt, presented at Twenty-Ninth
Annual Meeting, American Physical Society, Division of Plasma Physics, Princeton,
New Jersey, November 2-6, 1987.

The Plasma Wake of the Shuttle Orbiter, presented (invited) as a seminar at Jet
Propulsion Laboratory, Pasadena, California, November 12, 1987.

Positive Ion Effects Associated with Spaeelab 2 Vernier Engine Firings, J. M. Grebowsky
and A. C. Schaefer, presented at the 1987 Fall AGU Meeting, American Geophysical
Union, San Francisco, California, December 6-11, 1987.

A Comparison of the Plasma Wake of the Shuttle Orbiter to the Wake of a Smaller
Ionospheric Satellite, A. Tribble, N. D'Angelo, and G. Murphy, presented at the 1987
Fall AGU Meeting, American Geophysical Union, San Francisco, California,
December 6-11, 1987.

Observations and Modeling of Ion Pickup in the Vicinity of the Orbiter, W. R. Paterson,
L. A. Frank, presented at the 1987 Fall AGU Meeting, American Geophysical Union,
San Francisco, California, December 6-11, 1987.

Coherent Cerenkov Radiation from the Spacelab-2 Electron Beam, W. M. Farrell, D. A.
Gurnett and C. K. Goertz, presented at the 1987 Fall AGU Meeting, American
Geophysical Union, San Francisco, California, December 6-11, 1987.

quasi-Static Electric Field Measurements Near the Space Shuttle at Times of Shuttle
Thruster Operation, J. T. Steinberg, D. A. Gurnett, C. K. Goertz, presented at the
1988 National Radio Science Meeting, International Union of Radio Science, Boulder,
Colorado, January 5-8, 1988.

Coherent Cerenkov Radiation from the Spaeelab-2 Electron Beam, W. M. FarreU, D. A.
Gurnett, C. K. Goertz, presented at the 1988 National Radio Science Meeting,
International Union of Radio Science, Boulder, Colorado, January 5-8, 1988.

Plasma Observations in the Vicinity of the Shuttle, L. A. Frank, W. R. Paterson, P. M.
Banks, R. I.Bush, W. J. Raitt,presented at the 1988 National Radio Science

Meeting, InternationalUnion of Radio Science, Boulder, Colorado, January 5-8, 1988.

Electron Distributions Observed from Electron Beam Injections During the Spacelab-2
Mission, W. R. Paterson, L. A. Frank, M. Ashour-Abdalla, D. Schriver, N. Omidi,

P. M. Banks, and W. J. Raitt, presented at the 1988 Spring AGU Meeting, Baltimore,
Maryland, May 16-20, 1988.

D. PDP/SL-2 PUBLICATIONS
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WHISTLER-MODE RADIATION FROM THE SPACELAB 2 ELECTRON BEAM

D. A. Gurnett I, W. S. Kurth I, J. T. Stelnberg I, P. M. Banks 2, R. I. Bush 2 and Wo Jo Raltt 3

i Department of Physics and Astronomy, University of Iowa, Iowa City, Iowa 52242

2Department of Electrical Engineering, Stanford University, Stanford, California 94305

3Center for Atmospherlc and Space Science, Utah State University, Logan, Utah 84322

Abstract. During the Spacelab 2 mission the

Plasma Diagnostics Package (PDP) performed a fly-

around of the shuttle at distances of up to 300

meters while an electron beam was being ejected

from the shuttle. We discuss a magnetic conJunc-

tlon of the shuttle and the PDP while the elec-

tron gun was operating in a steady (DC) mode.

During thls conjunction, the PDP detected a clear

funnel-shaped emission that Is believed to be

caused by whistler-mode emission from the beam.

Ray-path calculations show that the shape of the

funnel can be accounted for by whlstler-mode

waves propagating near the resonance cone.

Because the beam and waves are propagating In the

same direction, the radiation must be produced by

a Landau, _/k I - Vb, interaction with the beam.

Other types of waves generated by the he-- are
also described.

I. Introduction

During the recent Spacelab 2 flight, which was

Launched on July 29, 1985, a spacecraft called

he Plasma Diagnostics Package (PDP) was released

the shuttle to survey the plasma environment

around the shuttle. Among the various Investlga-

tions performed was a study of the effects pro-

duced by an electron beam ejected from the

shuttle. Thls paper describes the plasma waves

observed during a magnetic conjunction between

the PDP and the shuttle while the electron gun

was being operated. As will be shown, the

plasma-wave emissions observed are remarkably

similar to emissions detected by spacecraft fly-
ing through auroral electron beams.

The PDP was designed and constructed at The

University of Iowa and is a refltght of the

spacecraft previously flown on the STS-3 flight

[Shawhan et al., 1984J. The PDP included instru-

mentation from The University of Iowa, Goddard

Space Fllght Center, and Marshall Space Flight

Center. For a description of the spacecraft and

instruments, see Shawhen [1982]. The electron

gun on the shuttle is part of the Vehicle Charg-

ing and Potential (VCAP) experiment which was

provided by Stanford University and Utah State

University. For a description of the VCAP

instrumentation, see Raltt et al. [1982].

The Spacelab 2 mission was flown in a nearly

circular low-lncllnatlon orbit wlth a nominal

altitude of about 325 km and an inclination of

49.5 °. The PDP was in free flight around the

shuttle from 0010 to 0620 UT on August I, 1985.

During this roughly 6-hour interval the shuttle

performed two complete fly-arounds of the PDP.

These fly-arounds included four magnetlc

pyrlght 1986 by the American Geophysical Union.

Paper number 5Lb773.

0094/8276/86/005L-6773503.00

conjunctions In which the shuttle was targeted to

intersect the magnetic field llne passing through

the PDP. During the first two conjunctions the

electron gun was off so that the PDP could

monitor dlsturbances produced in the ionosphere

by the shuttle. During the third conjunction,

which Is discussed here, the gun was operated in

a steady (DC) mode to simulate a natural aurora,

and during the fourth conjunction the gun was

operated in a pulsed mode.

IS. Observations

The trajectory of the shuttle relative to the

PDP during the third conjunction Is shown in Fig-

ure 1. The coordinate system used in this dia-

gram is the so-called local-vertlcal, local-

horizontal system. The +z axle Is directed to-

ward the center of the earth, the x axls is in

the orbital plane, and the y axle completes the

usual right-handed coordinate system. Time is

shown by the tick marks along the trajectory. A

complete fly-around takes one orbit, or about 92

minutes. The magnetic conjunction of interest

occurred at 0334:12 UT. The magnetic field at

the tlme of the conjunction is shown in Figure 1

projected onto the x-z plane. The (x_y,z) coor-

dinates of the shuttle at thls time are (-53, 89,

-188) meters, and the separation dlstance is 216

meters. Calculations based on a model magnetic

field indicate that the magnetic field line

through the shuttle came within 10 meters of the
PDP.

A spectrogram of the plasma wave electric

field Intensities during a 30-minute period

around the magnetic conjunction is shown in
Flgure 2. These measurements are from the 3.89

meter double-sphere electric antenna on the PDP.

The frequency range extends from 31Hz to 17.8

MRz and the dynamic range extends from about

SHUTTLE

TRAJECTORY O_5/.

oI(X)-

vELOCITY
VECTOR
-, I I
*X 200 I00

METERS

I(X

_3o/ MAGNETICFIELD

LINE

/\ --c
MAGNETIC

CONJUNCT ,o_ _0_5

'%. -,oo -_o "to35o
\ PLASMA

DIAGNOSTIC$
PACKAC_

÷Z EARTH

Flg. I. The trajectory of the shuttle relative

to the PDP during the third magnetic conjunction.

The electron beam was ejected downward, toward

the PDP.
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Flg. 2. A spectrogram of the plasma wave elec-
tric fleld intensities durln8 the third magnetic

con J'notion.

10 -14 to 10 -6 volts2m-2Hz -I • The perpendicular

distance, R£, in meters, from the PDP to the mag-
netic field line through the shuttle is shown at

the bottom of the spectrogram. The electron gun

was turned on In the steady (DC) mode with a beam

ensrgy of I key and current of 50 .camp st 0330:00

UT and stayed on until 0337:40 UT. During this

perlod the shuttle was oriented such that the
electron beam was ejected downward coward the

PDP, am shown in Figure 10

The intense nearly sylmetrtc ealsston centered

on about 0334:05 UT In Figure 2 ls produced by

the electron beam. At low frequencies the spec-

trum is characterized by a very intense broadband

emission from about 0333:20 UT to 0334:20 UT.

Another type of low frequency nolse can he seen

extending from about 0328 to 0339. Thls noise is

produced by an interaction of the shuttle with

the ionosphere and Is not related to the electron

beam. At higher frequencies a very veil defined

funnel-shaped feature can be seen extending up to
about l Ml/z, spreading out at higher frequencies.

The upper cutoff of the funnel-shaped emission is

Just below the electron cyclotron frequency,

which is shown by the solid llne labelled fc in

Figure 2. The onset and termination of the

funnel at 0330:00 UT and 0337:40 UT correspond to

the start and stop times of the electron gun

operation. At even higher frequencies an incense
narrovband emission can be seen at about 3.1 Mltz,

lasting for about 30 seconds, from 0333:45 co

0334:15 UT. From a prellLtnary comparison vlth

the electron density [N. D'Angelo, personal

communication], It Is believed that thls narrow-

band emission Is at either the electron plasma

frequency, fp, or the upper hybrid resonance fre-

quency, fUHR " (fc 2 + fp2)I/2. For fp ~ 3.I MHz

and fc " 1MHz, both of these frequencies are
nearly the same, so it is difficult to be sure

which Is the relevant frequency.

Representative plots of the electric and mag-

netic field spectrums are shown in Figure 3. To

mtnlalze antenna orientation effects, the inten-

sities have been averaged over 30 seconds, which

includes several spacecraft rotations. Both the

electric and magnetlc antennas are perpendicular

to the spacecraft spln axis. The spectrum at

0334:00 UT shows the intensities near the beam,

and the spectrum at 0335:00 UT shows the Inten-

elites away from the beam. Near the beam both

the electric and magnetic intensities are above

the instrument noise level over the entire fre-

quency range measured. The narrowband emission
near the plasma frequency is clearly evident.

The electric field strength of this ezuLsston is

about 2.8 mVolts/m. Although this emission is

most likely an electrostatic wave, the electro-

sCaClc/electrolagnettc character cannot be clear-

ly established because no magnetic field measure-

ments are available in Chls frequency range.

Near the beam, at 0334:00 UT it is difficult to

distinguish the funnel-shaped emission above
about 10 kHz from the intense low frequency noise

below 10 kHz. Both types of emissions have a

magnetic field component. The electric field

strength of the low frequency noise, integrated
from 31Hz to IO kHz, is about 150 mVolt/m, and

the magneclc fleld strength integrated over the

same frequency range, Is about 0.17 nT. As a

crude Indication of the electrostatic/electromag-

netic character of thls noise one can compute the

aagnetlc to electric field ratio, cB/E, and

compare this ratio to the expected index of
refraction for an electromagnetic wave. The cB/E
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Flg. 4. A schematic illustration showing the ray

paths of whistler-mode radiation from a point

source for wave normal angles near the resonance

cone. The ray path angle _ increases wlth

increasing frequency, thereby producing a funnel-

shaped feature as the spacecraft crosses :he

source field llne.

18 shown in the bottom panel of Figure 3.

cB/E ratio of the low frequency noise varies

3.0 to 30, less than would be expected for a

purely electromagnetic mode of propagation. For

reference the index of refraction, n, for paral-

lel propagation is shown in Figure 3. The field

strength of the funnel-shaped e_tsslon Is bast

determined in the region away from the be -s , at

0335:00 UT, where it can be clearly distinguished

from the low-frequency noise. The broadband

electric and magnetic field strengths, integrated

over the emission bandlr/dth, are 705 mVol:s/m and

0.1 nT. Again the cB/E ratio is less than would

be expected for parallel propagation.

llI. Interpretation

The plasma wave e_teslons from :he SL-2 elec-

tron beam bear a close similarity to waves
observed in the earth's auroral zones. The most

remarkable similarity is the funnel-shaped e_ts-

alone. Very similar funnel-shaped emissions have

been observed on a variety of polar orblttng

spacecraft and have been called V-shape hiss,

saucers and funnels [Gurnett, 1966; Smith, 1969;

Mosler and Gurnett, 1969; Gurnett and Frank,

1972; James, 1976; Gurnact etal., 1983J. These

emissions are a special case of a general class

of emissions known as auroral hlss [Helllwe11,

1965J. It Is wldely believed that thls noise Is

whlstler-mode radiation produced by electron

beams associated with the aurora [Gurnett, 1966;

Hat:z, 1971; Hoffman and Laaspere, 1972; Gurnett

and Frank, 1972].

The funnel-shaped spectral feature has a

explanation based on the propagation of

whlstler-mode waves near the resonance cone. For

wave normal angles near the resonance cone the

ray propagates at an angle _Res wlth respect to
:be magnetic field, as illustrated In Figure 4.

The angle _Res is given by

S f2

Tan2_Res " -_ = f2 = f2
, (1)

where S and P are defined by S:Ix [1962]. The

approximation Is vslid In the high density limi_,

where the wave frequency and electron cyclotron

frequency are much less than the electron plasma

frequency. Equation I shows that st low frequen-

cies the ray path Is almost exactly along the

magnetic field. As the frequency increases :he

ray angle increases, approaching perpendicular as

the wave frequency approaches the cyclotron fre-

quency. Propagation ceases a: frequencies above

the cyclotron frequency. For s spatially local-

ized line source, this frequency dependence pro-

duces a funnel-shaped frequency-time variation as

the spacecraft crosses the source, as illustrated

In Figure 4. The fact that the funnel is filled
In indicates that the source is an extended

(llne) source. The sharply defined outer bound-

ary indicates that the source starts st a well-

defined point. The starting point is the elec-

tron gun In the case of the SL-2 electron beam,

and the acceleration region in the case of the
aurora.

To verify that the funnel-shaped emission ob-

served by the PDP is caused by vhlstler-mode ra-

diation near the resonance cone we have computed

the limiting ray paths from the electron beam and

compared the boundaries with the observed shape
of the funnel. The results of these calculations

are shown In Figure 5. The cross-hatched region

shows :he outline of the funnel, and :he solid

lines show the boundaries from the ray path

computations. Because the distances involved are

slall compared to the spatial scale lengths In

the ionosphere, the ray paths were assumed to be

straight llnes. The finite slze of the beam was

included, assuming a beam dlameter of 5.2 maters.
The actual equations for S and F were used, in-

cluding electrons but no ions. The electron

cyclotron frequency and magnetic field direction

were obtained from s multipole expansion of the

earth's magnetic field. The computations are

relatively insensitive to the electron plasma

frequency. To provlde a realistic value, fp -
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Fig. 5. A comparison of :he computed ray path

boundaries wlth the observed shape of the funnel-

shaped emission. The close agreement indicates

:hat :he radiation is produced by whls:ler mode

waves propagating near the resonance cone.
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3.1MHz was used. As can be seen from Figure 5,

the ray path computations are In good agreement
wlch the observations.

The whistler-mode interpretation of the

funnel-shaped ealsslon is also consistent wlth

the observed magnetic co electric field ratio.

For whistler-mode waves propagating near the

resonance cone the electric field is stronger

than for parallel propagation. This explains why

the cB/K ratio is smaller than for parallel

propagation. The observed ratios, cB/E ~ I co

10, are also consistent with Cbe magneClc Co

electric field ratios measured for whistler-mode

auroral hiss [GurneCC and Frank, 1972]. The

existence of an easily detectable magnetic field

also rules out the possibility Chac the noise

could be an electrostatic electron acoustic mode,

as has been suggested by Tokar and Gary [1984].

Also, there Is no evidence of waves propagating

in the direction opposite the beam. Therefore,

the radiation can be enclrely attributed co the

Landau resonance at _/k I - v b.

Although the funnel-shaped em4sslon Is almost

cerCLtnly vhlstler-mode radlaclon, the mode re-

sponsible for the more intense noise at lower

frequencies has not been established. Although

this noise appears co be a simple extension of

the whistler-mode noise to lover frequencies

chert are several problems with attributing this

nolsa Co the whistler mode. First, at low fre--

quencles, below the lower hybrid frequency, whlch

should be around 5.8 kHz, the vhlstler mode no

longer has a resonance cone. Quasi-electrostatic

propagation along the resonance cone is no longer

possible. Second, at low frequencies the vavm-

length of the whistler mode becomes very large

for all directions of propagation, much larger

than the spatial thickness of the region of low

frequency electrostatic noise, vhlch is not more

than a few tens of meters in diameter. Evidently

Chls intense lo_P-frequency noise As caused by a

local beam-generated instability. For a discus-

sion of possible beam InstabillCles chat could

account for chls noise, see Grandel [1982]. IC

As interesting to note that chls noise has a

spectrum sluctlar Co the broadband electrostatic

noise observed by Gurnett and Frank [1977] along
the auroral field lines.
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Abstract - During the Spacclab-2 Shuttle mission the Unp.ersll) of Iov.a Plasma Diagnostic Package
(PDP) probed the plasma environment of the Space Shuttle by maneuvers, at the end ul, the extended
Remote Manipulator System (RMS) arm. Also the PDP was operated as a free flying satellite which
remained in the vicinity of the Shuttle as the Shuttle was maneuvered about it. During this port,on of the
mission, the Bennett thermal ion mass spectrometer on the PDP measuredsume distinctive effects oi" the
large and gaseousemitting Shuttle upon the ambient thermal plasmaenvironment. Within the open cargo
bay when thrusters were not firing there was typicall._ an absence of measurable thermal ions when the
bay was in the wake of the spacecraft. Just above the top of the ba) u,hen traces of ions are detected in
the wake the dominant ion was the contaminant water. When the PDP v,as released in the wake of the
Shuttle and moved away, the spin modulation of the ion flux into the spectrometer was initially different
for the O ° and HzO ° ions. The O ° ions were streaming into the spectrometer I'rom the spacecraft velocity

direction whereas the water ions were flowing from a direction as much as 77 from this. The concentration
of water ions in the near wake decreased with increasing distance, becoming less than the predominant
ion O* at wake distances of the order of JOin. However. traces of contaminant ,ons were present as far
as the maximum distance of several hundred meters explored by the free.flying PDP. The neutral gases
from the Shuttle extend in all directions as was shown by the presenceof water ions. not only in the
immediate vicinity of the Shuttle and in its wake but also even several hundred meters upstream. The
presence of contaminant NO and O_ ions brings into question whether reliable ambient ion measurements
can be made from the Shuttle.

INTIIODUUrION

Thermal ion composition measurements in the vicin.

Sty of the Space Shutt]e have shown that the Shuttle
may have a significant impact on the ambient iono-
sphere. This is most obvious in the persistent presence

of H=O" ions in its near vicinity (e.g. Narcisi et al.,
1983; Grebowsky et al., 1983). Previous measurements

of ion composition near the Shuttle have been restric.

ted primarily to observations at fixed positions within
or near the open Shuttle bay. The ion measurements

considered by Narcisi et al. (1983), for example, were

made on the mission STS-4 from a bay position in
which the ion spectrometer looked basically horizon-

tally over the right wing, whereas those described by

Grebowsky et aL (1983) were taken on the STS-3

mission predominantly within the bay with the ion

spectrometer facing the port wall of the bay. In the

latter experiment, which was one instrument on the

Plasma Diagnostic Package (PDP), use of the Remote

Manipulator System (RMS) arm was also made to

take measurements in the vicinity of the bay up to a
15m distance. Those observations showed that the

water released from the Shuttle (e.g. by thruster firings,
outgassing, water dumps and cabin leakage) readily

results in the production of positive water molecule
ions, primarily through charge exchange with ambient
O" ions. The spatial extent of this disturbance how-

ever could not be determined from the limited pos-
itions of these earlier experiments.

The large releases of water during water dumps

and during thruster firings lead to local depletions of
the ambient ionospheric O" concentration (Narcisi

et aL. 1983: Pickett et al.. 1985). Narcisi et ul. (19831

pointed out that. nevertheless, it is still typically

possible to measure accurately ambient ions when

Shuttle-borne ion spectrometers are in a ram con-

figuration. Although this is possibly true for the major

ion O', caution needs to be exorcized regarding

minor ambient ions. For example, although most of

the contaminant ions observed (e.g. H20", OH'.
HjO') are of definite Shuttle origin, the source of

501
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molecularionssuchasNO"andOz in thevicimty
of the Shuttle may be ambiguous. The latter ions are

not only present in the F-region but by the same

chemical reactions which produce them m the ambient

plasma they are also produced from the neutral NO,

N: and O, of Shuttle ongm which, particularly during

thruster firings, have concentrations greatly exceeding

their ambient counterparts (Wulf and yon Zahn.

19860. Hence it is still not resolved whether retiable

ambient thermal ion concentration measurements can

be made from the vicinity of any large ga_-emitting

structure like the Space Shuttle.

In addiuon to the chemical production of contami-

nant ions via interaction with the ambient plasma.

Hunton et ai. (1983) have pointed out that the

dynamics of the contaminants themselves are compli-

rated, with evidence for both drifting an.,i stauonary

components of water ions in the Shuttle frame of
reference. Further. Stone et ai. (1983. 1986} have

described the existence of localized streams of ions

flowing from different directions near the Shuttle. The

source of these stream., 1as yet to be isolated. The2r

presence however demonstrates that, apart from inter-
_t in determining the contaminating impact of the
Shuttle on the external environment, the Shuttle's

interaction with the ambient plasma enables an explo-

ration of new plasma processes.
The most dramatic effects in the thermal plasma

distribution are anticipated downstream in the wake

of the Shuttle and it is in this region that the extent

of the Shuttle's influence on the plasma environment

should be greatest. It is known that the plasma wake

near the Shuttle is a deep void of detectable plasma

(e.g. Raitt et al., 1984), but it's spatial extent and
structure have not been measured in much detail.

This paper will ex,lore some of the wake features as

well as contaminant ion distributions using Bennett

RF ion mass spectrometer measurements from the

University of Iowa PDP flown on the Spacelal>-2

(SL-2) mission. During part of this flight the PDP

was flown free of the Shuttle to sample different

regions out to separation distances of several hundred

meters, permitting for the first time a sampling of the

spatial extent of the Shuttle's perturbation.

onrrAL rEA'I'C'R_

The spacelab-2 Shuttle mission (STS-51 F) on which

the Plasma Diagnostic Package was flown went into

orbit on 29 July 1985. The orbit had an inclination

of a9.5"-, a period of 1½h, and was circularized

eventually at a mean altitude of 310kin. It reached

poleward to magnetic latitudes of the order of 60 _,

.J.M. GIIEBOWc;KY e! all.

_.e. near the main midlautude _onospheric trough isee

the review by Mort'err and Ouegan. 1983. for an

overview of this feature_. The phase of the orbit was

such that the most poieward lautudes were traversed

near the terminators--the high lautudes of the sou-

thern winter hemisphere near dawn and those of the

northern summer near dusk. The PDP was released

as a free flying satellite on the second day of the

mission and after a 6 h period was picked up by the

Shuttle via the RMS arm for eventual return to Earth

on 6 August 1985.

CHARACTERISTIC5 OF THE ION SPECTROMETER

The Bennett RF ion mass spectrometer flown was

not designed for this particular mission but was a

test instrument prevtously developed for flight on a

sounding rocket. To scan through the ion mass range

from below I to 70 ainu, the RF frequency applied

to the sensor grids was swept, rather than the de

acceleration voltage as has been usual in space appli-

cations (e.g. Brinton et al., 1973). The restricted
telemetry requirements of the mission were

approached by using internal logic circuits to pick all

the resonant mass current peaks detected during each
_weep of the RF. The amplitude of the peak current

and its frequency Iwhich defines the ion ainu) were

then digitized for telemetry. Although the peak detec-
tor resolved the mass to a small fraction of an

ainu, digitization of the resonant peak frequency (or

equivalently the ainu) for telemetry was performed

using an algorithm that provided high mass resolution

at the low mass end of the spectrum, a nominal
resolution of the order of 0.5 ainu near the water-

oxygen masses, a resolution of l.Samu near the

important 30 ainu region and in the high mass range
above 40 ainu a resolution greater than 3 ainu. These

resolutions were considered sufficient for resolving

the most significant masses anticipated before launch.

Some difficulty occurred in positively resolving

several ion species due to the fact that the RF sections

of Bennett spectrometers function by resonantly sel-

ecting incoming ions. not on the basis of their mass

but by their incoming velocity (e.g. see Bennett. 1950).

By providing a fixed accelerating electrical potential

near the entrance to the tube (in this instance. 80 V)

each incoming positive ion received its own unique

mass discriminating velocity that could be resonantly

selected in the following RF stages. This feature of

the spectrometer is also an asset in that it can be used

to determine the incoming energy of ions due to drift
or satellite charge.

The ion spectrometer flown on the SL-2 mission

9
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was calibrated in the laboratory to provide a fre-

quency-mass relationship under conditions of no net

energy into the _ntrance of the spectrometer. If an

ion enters the spectrometer with a nonvanlshing

energy E, then its telemetry mass li.e. the ainu from

the calibration identified by the frequency of the

current peak). TM. willbe TM.E(eV), I12 ainu lower

than the actual mass. In the vicinityof the Shuttle,

complex changes inflowdynamics and the production

of ions stationary with respect to the vehicle may

occur such that differention mass species blend

intoonly one resolvableresonant current peak. For

example, the measurement of an ion at 30 ainu could

be a non-streaming 30ainu ion or a 32ainu ion with

approximately 7eV of ram energy.Also,high plasma

turbulencelevelshave been detected in the vicinityof

the Space Shuttle (Siskinet aL, 1984_.The presence

of such plasma irregularitieswould broaden adjacent

ion current peaks and reduce the resolutionof the

spectrometer.A noticeablefeatureduring partsof the

SL-2 mission is an inabilityof the spectrometer to

resolve30 from 32 ainu ionson some of the sensitivity

levels(see belowj employed, presumably due to a

combination of the foregoing factors.

The spectrometer employed fourdistinctsensitivity

modes, obtained by stepping a retarding voltage (I,_)

on a gridjustin frontof the current collectorplate.

A laboratory calibrationcurve showing the response

of the spectrometer {using No* as the sourcel to

changes in this retarding voltage is shown in Fig. I.

The four levels of sensitivity used during flight are

indicated on the voltage axis. The lowest sensitivity

mode {level 1) has maximum resolution of mass

whereas level 4 has the highest sensitivity. As the

incoming ion energy increases,the effective collector

retarding voltage decreases by the same amount.

The calibration curve also indicates the presence of

harmonically generated ion peaks in the RF stages.

These vary proportionally with the resonant ion

current at a fixed V,. The observed ratio of the

harmonic amplitude to that of the fundamental ion

can also be used to determine the relative variation

of the fundamental currents, thus providing an esti-

mate of incoming ion energies. For the SL-2 mission

spectrometer each retarding potential was held fixed
for approximately 2.4s, while the RF was swept to

sample the complete mass range of ions from below

1 to 70 ainu. All four steps were cycled resulting in a

repetition of a given sensitivity level every 9.6 s.

The conversion of collected ion currents to

incoming ion concentrations requires that the

incoming ion energy and flow direction be known. In

usual satellite missions the spectrometer points in the

ram direction and the spacecraft potential is well

behaved, allowing an uncomplicated conversion to

concentrations. Under the conditions exIsting during
the Shuttle mission under conmderation this was not

the case. Therefore, only the raw collected ion currents

will be presented here and the sensitivity level used

in the plots will be selected on the basis of what

features are to be emphasized and which level best

depicts them. The dynamic current range of the
collector was 2 × 10- t 3_2 × I0- s A.

PI_£-RELEASE AND NEAR WAKE STliUCTURE

Although the major focus of the discussion is to be

ion measurements made when the PDP was physically

separated from the Shuttle, observations made while

extended on the RMS arm just before release will be

used to provide a relative reference for the ion

environment observed further away. Figure 2 depicts

measurements of the major ions detected during a

30rain period encompassing the PDP release from

the Shuttle (which took place at 01:00G.M.T. on day

213, i.e. 1 August 19851. During the beginning of the

interval, the Shuttle was flying in the "'airplane" mode.

i.e. nose pointing into the orbit direction and belly

towards the Earth. The PDP was held by the RMS

arm approximately 10m out beyond the port side

with the ion spectrometer orifice directed into the

Shuttle ram direction. This PDP location was main-

tained until approximately 23:47G.M.T. when the

PDP was moved to it's deployment position a few

meters above the circular envelope of the bay and

over the nose-tail symmetry axis of the Shuttle--the

spectrometer still pointing into ram. The dominant

ion throughout this period was O + with minor species

NO" and O Z present in concentrations comparable

to one another and indistinguishable in the sensitivity

mode under consideration. In addition, there was a

background of water species ions H:O" and H_O*
with similar concentrations.

The energy response of the O* collected current

when the instrument was positioned over the bay is

consistent with an energy of only slightly more than

the ambient O + flow energy (-,, 5 eV) with respect to

the Shuttle. However, during the measurements on
the side of the bay, much higher energies were

indicated requiring more than 5 V of negative space-

craft charge in addition to the ram flow energy. Such

variations in spacecraft potential are not unexpected

in the light of earlier STS-3 observations {e.g. Shawhan

and Murphy, 19831, which showed that the PDP

potential variation is complex, varying in response to

thruster firings and to the motion of the Orbiter and

PDP with respect to the Earth's magnetic field. The
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The four voltage levels indicated were the values stepped through on the SL-2 instn_ment. [n addition to
the fundamental peak. harmonics of the fundamental ion are generated at apparent masses that are fixed
percentages of the fundamental mass. [n flight the effective stopping voltage is the sum of the V, level of
the instrument plus the inodent ion energy in electronvolts. The He" calibration curves typify the response

for other masse&

NO", O_" current peak-frequency response to

incoming energy is consistent with this behavior.

taking into account the proportionately higher ram

energy associated with the larger masses. However.

the water species (H20 +, H30") measurements show

no evidence of ram flow energy, confirming the

observation of Hunton and Calo (1983) that the

water ion distributions near the Shuttle can have

nonconvecting components as might be expected for

a dense scattering medium and/or a localized ion

source. The water species ion telemetry mass and

current collection efficiency are only responding to

spacecraft charge. For example, the Xs in Fig. 2 which

denote a one-telemetry-count higher mass than the

+s for H30* begin consistently near 23:47 G.M.T.,

indicating a drop in the magnitude of the PUP's
negative potential by several volts.

As was inferred by Narcisi er ai. (1983), a first glance

at the pre-release data would give the impression

that Under proper conditions (corresponding to an

unoccluded ram view for the spectrometer) iono-

sphericfeaturescan seemingly be measured from the

Shuttle. However, the plasma environment always

shows traces of the spacecraft's presence. For example,

characteristically, as seen in Fig. 2, there is a back-

ground level of water ions and also H 30 + of compar-

able concentration in the near vicinity of the vehicle.

The presence of the latter ion (which requires water-
water ion coilisionsl and the absence of net motion

indicates{as was pointed out by Hunton and Calo.

1983) that a dense cloud of water occurred in the

vicinityof the Shutde. In addition, the Shuttle's

Reaction Control System thrusterssporadicallyfire

to maintain attitude.These deposit concentrated

streams of gases that have a further impact on the

localplasma environment. The enhancement of the

water ion concentrationsnear 23:45G.M.T. forexam-

ple occurred simultaneously with a sequence of such

firings.

In addition to water products,NO. N: and O: are

also releasedin the engine firingsand are apparently

always present near the Shuttle in quantities exceeding

their counterparts in the ambient atmosphere (Wulf

and von Zahn, 1986). These readily interact with the
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FIG. 2. [ON MEASUREMENTS BEFORE. DURING AND AFTER RELEASE.

Release took place near 00:.10G.M.T. The complex behavior after release is due to the spin modulation
of the collected ion current with consecutive current measurements made at different attack angles. Before
releasethe PDP was on theextendedRMS arm overthe portsideuntil_23:47G.M.T. whereupon it
was repositioned over the bay--dunng this period the Shuttle flew in the "airplane" configuration. ALl

currents dropped off when the Shuttle reonentated for the release and the PDP entered its wake.
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ambient F-region O" to produce NO" and O_'.This

leads one to suspect that ambient plasma variations

are not beingobserved near23:45 G.M.T. even though

the spectrometer had the idealram look direction.As

the water ion currents peaked the heavy moleculars

followed suit,while a sharp trough developed for O'.

The trough in O* may be interpretablein terms of

an ionospherichole produced by charge exchange of

the flowing O + with a cloud of water molecules (e.g.

Mendillo and Forbes, 1978)--the charge exchange

rateof O + with HzO occurring orders of magnitude

fasterthan the normal ambient O + chemical lossrate.

Similarly,the risein heavy molecular ion concen-
trationsat the same time can be attributedto the

Shuttle'semissions.In fact,a reductionin the concen-

trationof O* would also resultdue to lossesof O +

via atom-ion interchange with contaminant N2 and

O:--a process which enhances NO* and O_" pro-

duction. The ratesof these reactions increase with

increasesin the relativevelocitiesof the interacting

ion and neutrals(McFarland et aL, 1973) and were

recognized by Banks et aL (1974)to playa significant

roleinmodifying the Earth'shigh latitudeion compo-

sition.At the 8 km s-_ velocityof the Shuttlethisloss

scheme for O _"could play an important rolein the

production of the observed NO" and O_. These

contaminant ions are particularlytroublesome with

respectto ambient ion composition measurements in

the F-region sinceambient NO + and O_" can at times

be quite low and irregularin concentration,making
itdil_cultto discriminatethem from contaminants.

A word of caution isnecessary on thisinterpretation

ofthe pre-releasemeasurements. An alternativeexpla-

nation of the NO', O_" ion variationcould be offered

in terms of a complex stormtime midlatitude iono-

sphere structurebeing traversedcoincidentally--this

phase oftheobservationstook placeduring a magneti-

callyactive period with a Kp index of 5" (Coffey,

1985).

.lustbefore releasewith the PDP held fixedin its

positionover the bay,the Shuttlechanged itsattitude

from the"airplane"configuration,maneuvenng so its
tailwas directed toward the Earth and its bay

into the downstream direction.This attitudechange

beginningjustpriorto 24:00G.M.T. isseen in Fig.2

as a parallelcomplete dropout of the measurable ions
as the PDP moved intothe Shuttle'swake. The wake

of the Shuttlein itsnear vicinitywas verydeep as has
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The Shuttle's tad was directed to the Earth. it's icily in the
ram direction. The PDP was released and separated down
the wake. At release the spectrometer was pomnng upward.
Its location in the spin equator of the satellite enabled _t to

sample the ram flux of ions once each spin revolution.

been previously noted and expected for such a large

vehicle le.g. Samir et al., 1986). The only ions that get

into the near wake are those mattered into the wake

in association with thruster finn_ such as the spikes

of ion current detected near 00:05 G.M.T.

PDP RELEASE AND THERMAL IONS DOWN THE WAKE

The detailed processes by which plasma enters the

wake of the Shuttle are not fully established. Some
of the energetics involved are evident in the ion
measurements made when the PDP was released.

Figure 2 includes some of the observations post-
release and, if examined closely, will reveal water to

be the dominant ion seen initially after release. Apart
from this and the presence of O * and molecular ions,

the complexity of the spin modulation of the current

flux into the spectrometer obscures in the figure the

thermal ion measurements after release. An expanded
time scale will be used to see more closely the spin

response. First. however, some general description of
the release is needed.

Figure 3 schematically depicts the attitude con-
figuration of the Shuttle and the PDP at release. The

Shuttle's tail was directed toward the Earth while its

belly was facing into the direction of motion. When
the PDP was released from the RMS the Shuttle

moved forward of the PDP while maintaining the

PDP along the projection of the Shuttle anti-velocity

vector. The PDP therefore moved down the Shuttle

wake. The ion spectrometer at the time of release was

pointing upward in the nose direction of the Shuttle.

A momentum wheel in the satellite was used to spin-

up the satellite into a stable configurauon with the

spin axis directed perpendicular to the orbit plane as

seen in Fig. 3. The spectrometer was located on the

spin equator of the PDP so that it sampled the ram

direction on each spin. The full-up spin period was

near 13s which was attained I h 15ram after release.

The relative separation of the PDP and Shuttle took

place at a rate of 0.1 ms-t until establishing tmtial

station, keeping at a distance of 90 m. Only the early

part of the separation will be considered here in detail

since it shows the most pronounced Shuttle-related
behavior.

The measurements of the two main ions O" and

HzO" as well as H" from all sensitivity levels dunng

the first two spin cycles after release are combined in

Fig. 3. As discussed earlier, the spectrometer sampled

the same sensitivity level approximately every 9s.

Initially this was short compared to the spin period

and one sensitivity level provided fair coverage of the

angle of attack variation of the current flux into

the instrument. As the spin rate increased however,

reasonable angular resolution could be approached

only by combining the measurements of all sensitivity

levels. To do this the collected current of a given ion

species in sensitivity modes one-three were multiplied

by constant factors so that the resultant current

variation smoothly blended in to the fourth level

variation through the first few spin cycles. That

is, the currents in accordance with the calibration

efficiencies (e.g., Fig. 1) were approximately norma-

lized to one level. This superposition for the first 10

rain of free flight is show.n for three of the prime ions

present. The solid curve for O + and the dashed curve

for H" consist of line segments connecting the actual

normalized data points and are not smoothed curves.

Initially after release at 00:10G.M.T. at a range of

6.4m (measured from the Shuttle center of mass,

which is located approximately 3 m from the top of

the circular, 4.6m diameter payload bay envelope)

water was the dominant ion detected. During this

period the aperture of the spectrometer was slowly

turning from its initial upward direction towards the

Shuttle as the PDP spun up. Just before 00:12 G.M.T.

by using its Reaction Control System thrusters the

Shuttle began to increase its distance from the PDP.

The range indicated in the figure is based on a model

(Pickett and Murphy, personal communication) using

pre-mission planning since the Shuttle's range radar

did not lock on to the PDP until the very end of the

period plotted in Fig. 4. A definite spin modulation
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Current profiles for three ions detected on releaseshow the existence of flow enhancements of the collected
currenl fluxes. The water ions are streaming into the wake of the shuttle from a different direction than

the flowingambient ionsO" and H ".
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of the collected ion fluxes was observed, indicating
plasma streams in the wake.

O" exhibited a maximum number flux into the

spectrometer from the ram direction even during the

first spin close to the bay. The precise orientation of

the PDP throughout the first spin cycle was not

specified in the ancilliar.,, data base so the first ram

point was only a guess estimated on the basis of the

known starting orientation of the PDP and the first

known attitude near 12:30G.M.T. This location is

consistent with the H" modulation which was not

characterized by an irregular spin envelope during

this period. What is particularly interesting is that the

water ions also show spin modulation--evidence

that H:O" is also streammg into the Shuttle wake.

Further. H:O" was not moving from the spacecraft
ram direction as was O', but rather from a direction

downward (i.e. tailward) of it. In sequence the angles

from the ram direction for the first three water ion

current peaks were approximately 63 , 77 and 48 ,

respectively. After the third spin the spin rate had

increased to a value such that the angular separation
between individual ion measurements became too

large to fully resolve the H:O- angle of attack

variation. Further, the average amplitude of the

H,O* currents decreased with increasing distance and

thruster pulses of water ions became dominant over

the background fluxes, introducing irregularities in

the spin response. However, a skewing of the flow

angle is still apparent in the tendency of the water

ion currents to dominate over those of O" as the

spectrometer turns into the PDP wake direction but

not when it emerges from the wake. The variation of

H" which is ambient, with no apparent dominant

source of Shuttle origin, parallels the spin angle

variation of the O" with proportionately larger cur-

rents in the wake of the PDP due to its lighter mass

(e.g. Samir et al., 1986).
The deflection of water ions from the ram direction

could be related to spacecraft electric fields as con-

sidered by Stone et al. (1983, 1986L Also, the water

ions are initially produced stationary in the Shuttle

frame.of reference (i.e. no momentum is transferred

in the O', H20 charge exchange reaction as pointed

out by Narcisi et al.. 1983). Pickup of these ions by

the ambient magnetic field with gyration velocities

corresponding to the Shuttle motion perpendicular

to the local magnetic field would produce cycloidic

motions in the Shuttle-PDP frame of reference. This

would lead to contaminant ion streamlines in the
wake that differ from those of the ambient ions which

have small gyration velocities compared to their drift

speed. Regardless of the source, in retrospect it seems
natural that contaminant ions produced on the ram
side of the shuttle would stream into the wake at

a different angle than ambient ions. Even if the
acceleration processes in the wake were the same for

both ion species their different initial velocity states

would lead to different average trajectories.

The relatively low irregular amplitude of the O"

current on the first spin cycle could reflect the passage

of the O" through dense patches of water which

charged transferred with the ambient O* partially

depleting it and/or a turbulent plasma divergence into

the bay from the sides of the Shuttle (the spectrometer

sampled flow variations only in the plane of the

Shuttle ram and nose-to-tail symmetry axes). In

addition to the dominant flowing component of
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FIG. 5. PRESENCEOF THRUSTERPERTURBATIONS.
Superimposed on the previous figure are molecular ion measurements for NO ", O_ and for an ion with
a mass in the range 44-47 ainu. The NO" shows a tendency for a spin modulatmn characteristic of a
streaming ambsent plasma but is very structured. Discrete enhancements of ions correspond _o periods

with thruster finngs.

HzO" there is also a significant thermalized or

scattered background component of this ion whose

presence is seen by the dominance of H:O" in the

wake of the spinning PDP. This component was most

prominent near the Shuttle and gradually decreased

with increasing separation distance until it was no

longer detected. This velocity distribution is consistent

with the observations of Hunton and Calo (1983).

The presence of ion scattering close to the Shuttle is

also hinted at by the presence of measurable O" in

the PDP wake during the first spin cycle which

disappears with increasing separation distance.

In addition to the usually prominent contaminant

ion HzO °, thruster firings produce intense localized

enhancements of other contaminant ions--particu-
larly in the near vicinity of the Shuttle.Some of these

were clearly seen in the release measurements. Figure

5 shows the releasedata again but with the inclusion

of the measurements of molecular ions with atomic

masses in the range 30-32 ainu and ions with masses

in the range from approximately 44 to 47 amu. The

lower mass range which consisted of O_ and NO ÷

was merged from all tour sensitivity levels as was

done in the previous plot. Significant perturbations

exist in these ions, however, and the fit is not very
smooth.

The very heavy ions had to be treated differently

since an instrumental harmonic of H zO" exists within

this same mass range which could overwhelm the

detection of an incoming ion with low concentrations.

Since the harmonic amplitude never exceeds the

fundamental, the real presence of such ions is estab-

lished by plotting the measured currents in the high

mass range for only those currents which exceed that

of HzO" on the same sweep. These very heavy ions

were present at discrete times during the first two

spin cycles and occurred in coincidence with spike-

like enhancements in H :O" and NO ". Each of these

distinctive perturbations arose with sequence firings.

The 30-32 ainu ions have previously been established

as thruster ion contaminants (Grebowsky et aL, 1983;

Narcisi et al.. 1983), but the high mass ion has not.

Although the spectrometer mass resolution is broad

at this mass range and doesn't pinpoint the ion

precisely, neutrals in this mass range have been

measured to be emitted during thruster finngs (Wulf

and yon Zahn. 1986).One possibilityisthat the ion

detectedisNO_" whose neutralmolecule counterpart

is spontaneously produced from the nitrogentetroxide

(N20,) oxidizer used in the Reaction Control System

thrusters. CO_" is also a possibility but the telemetry

mass counts tend to lay on the high mass end of the

range indicating a mass higher than 44.

PDP RETRItrVAL

Another view of the near wake was provided during

the retrieval of the PDP after the free flight period
with a different PDP attitude. Figure 6 shows the

major ions detected as the PDP was spun down and

the Shuttle moved towards it for pickup. Spindown

started just before the time period plotted. As was the

case upon release, the PDP was positioned in the

wake of the Shuttle throughout retrieval and pickup.

The completion of the PDP spin down is evident in

the figure by the cessation of the spin modulation of
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At the end of the free flight period time the PDP was again positioned in the wake of the Shuttle. The
measurements shown began with the PDP at a range of 8Ore. Water and the molecular ions are pr¢sent
in the spin measurements.Spindown started at 05:27 G.M.T. and was complete at 05:51 The spectrometer
orifice was directed nearly into the ram direction during the spundown recovery phase. As wasseen dunng
the PDP release, water became the dotmnant ion before the ion currents vanished at closestapproach.

Actual grapple by the RMS occurred at 06:20G.M.T.

._09

the currents. The Shuttle radar did not track the PDP

within the 50m range as the Shuttle approached

the subsatellite for pickup. Henc,, the movement in

towards the bay from the 50 m range can only be

discussed qualitatively.

At the 80 m range, at which spindown started, water

was typically present as a minor species ion as

was NO'. (In the approach sequence there was no

evidence in the measurements of O_'--the only ion

detected in this mass range had a consistent telemetry

mass corresponding to a 30 ainu ion moving at Shuttle

speed.) As the two vehicles moved into daylight the

PDP stopped spinning with the spectrometer orifice

near the direction of forward motion. Shortly there-

after the magnitude of the ambient(.'?) molecular cur-

rents began to decrease in parallel with that of O _"

as the PDP approached the Shuttle bay. On the other

hand, the H:O* flux increased and remained steady,
becoming dominant on close approach and then, as

was the case at release, no detectable ions were present

at closest approach in the wake. The energy of the

water ions from the spectrometer response was 5-

6 eV and indicative of a flowing plasma near the bay.
On the basis of the previously discussed release data,

it is possible that the onset of the reduction of ambient
ion currents and the enhancement of water in the

vicinity of the bay may not be totally resprescntative
of concentration variations in the Shuttle wake but

rather a change in direction of the ions flowing into

the wake relative to the spectrometer orific,. This is

hinted at by the increase in the O" telemetry, mass

during recovery--in the figure, +s indicate a one-

telemetry-mass count higher than the dots for O*

and correspond to a lower incident ion energy. In

any case, both the release and recovery data are

consistent in that they both detect the strongest wake

effects inward of approximately 50 m.

FLY AROUND WATER OBSERVATIONS

Two orbits were flown in which the Shuttle maneuv-
ered far from and around the PDP. A schematic of

the first such orbit is shown in Fig. 7. The Shuttle

velocity vector is toward the left while the Earth is in

the downward direction. Initially the PDP was in the

wake of the Shuttle (the approximate boundaries of
which are indicated by the Shuttle's Mach angle). The
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One of thetwo fly-aroundloopsisschemaucailydepictedshowing theShuttle'sin-orbitplanelocation
wlthrespectto the PDP. The Earthisdown in thefigureand theShuttlevelocityisdirectedto theleft.
The entranceand exitof the PDP from theShuttle'swake areroughlyapproxlmatedusingthe Shuttle's

Mach angle.

Shuttle maneuvered along a flightpath that then

placed the PDP farupstream of the Shuttlefollowed

by a PDP crossing of itswake. Observations from a

passage directly across the wake at a distance of

.,- 240 m downstream are shown in Fig. 8 with roughly

approximated wake entrance and exits marked. A

general enhancement of molecular ion densities

occurred upon entrance into this region. The O_,

NO" enhancement however may not be a wake effect-

a similar enhancement was seen on the previously

discussed pre-retrieval and pre-release measurements

after dawn. A post-dawn enhancement in the ambient

NO + is expected not only because of the onset of

photoionization but also because at the higher winter

latitudes traversed near dawn, corresponding to main
ionospheric trough latitudes, enhanced sources of

ambient NO + and O.C exist (e.g. Brinton et aL, 1978).

A trough in the collected current of O + is apparent in

the envelope of the O" variation near the terminator.
The existence of water ions far down the wake is

expected due to the drift of water ions produced in

the vicinity of the Shuttle resulting from ion-pickup

by the magnetic field, electric field accelerations

associated with the filling process of the wake, or

ambient particle collisions. Also, since the Shuttle
fired its thrusters to activate the wake transfer and in

the process produced patches of water around the

Shuttle and PDP, enhanced background water con-

centrations would have been present. A similar scen-

ario might even result in NO', O_" enhancements in

the far wake. Unfortunately, as has previously been

noted, it is not possible to sort out ambient from
contaminant variations in the measurements of these

specles.

In any case contaminant water ions were not just
confined to the wake but were even detected 300-

400m upstream of the Shuttle. An example of this
from the free flight is shown in Fig. 9. These upstream

measurements may not indicate a large steady-state
contaminant cloud about the Shuttle but rather the

localized effects of thruster firings. Whenever the

PDP changed position relative to the Shuttle it was

accomplished by thruster firings, the plumes of which

at times expanded towards or left a scattered residue

of gases in the vicinity of the PDP. Regardless of

the source, it is evident that the Shuttle's gaseous
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Water ions are not restricted to the near vicinity of the Shuttle or its wake. They were even detected

upstream at a range of nearly 40Ore from the Shuttle. During this penod the component of the PDP's

range projected onto the vehicle orbital direction was _ 300 m upstream.
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emissions have an impact on the thermal ion compo-

sitionmeasurements out to separation distancesof

severalhundred meters and are not justconfined to

the vehicle'swake. This is perhaps not unexpected

sinceambient neutralmean freepaths at the Shuttle's

altitudeare of theorder of kilometers.With such long

mean freepaths neutral molecules of Shuttle origin

are not impeded from expanding in alldirectionsto

beyond the separationdistancesattainedby the PDP.

Some discussioniswarranted regardingthe possi-

bilitythatoutgassingof the PDP itselfmight provide

enough neutral water to account for the water ions
detected far in front of the Shuttle. The earlier

discussed pre-release,release and capture obser-

vations showed that HH20" distributionsdetected

from the PDP inthe near vicinityof theShuttlevaned

in response to changes in the interactionbetween

the ambient plasma and the Shuttle'sown water

emissions.The ram currentsof H20" relativeto O"

during those timeswere comparable to and sometimes

even lessthan those observed during the freeflight

phase.Hence, since PDP outgassing effectsfrom the
ions were not ¢vident in the near vicinity of the

Shuttle, it does not appear likely that such PDP

emissions were responsible for the H,O" occurrences
observed far in front of the Shuttle.

SUMMARY AN'l) CONCLUSIONS

A survey of some of the thermal ion characteristics

in the vicinity of the Space Shuttle made by a Bennett

RF spectrometer as part of the Plasma Diagnostic

Package (PDP) flown on the Spacelab 2 mission

has been presented with emphasis on the Shuttle's
extended wake. The near wake within and in near

proximity to the open payload bay was found as on

previous missions to be void of detectable ions except

during Reaction Control System Thrustor firings. In

the latter instances short pulses of enhanced ion fluxes

of predominantly NO ", Of and H20" were detected.

A very heavy ion was alsodetected during the firings

which has been tentativelyidentifiedas NO_'. Such

ions have theirneutralmolecule counterparts in the

products of the monomethyl hydrazine and nitrogen

tetroxidereactions(Wulf and yon Zahn, 1986).

During releasefrom the Shuttle as a free flying

satellitethe PDP was slowlyspun up as itmoved away

down the wake of the Shuttle.The spin modulation of

the ion fluxesintothe ion spectrometer indicatedthe

presence of multiple plasma streams analogous to

those studied by Stone er al.(1983, 1986).The two

streams were composed of differentions, O" and

H20" separatedin directionby as much as 77°,with

O*, of apparently ambient origin, detected with

J. M. GREBOWSKY ¢! at.

a motion in the Shuttle anti-ram direction. The

spectrometer orifice was in the PDP spin ptane and

sampled ion fluxes essentially in the plane of the

Shuttle nose-tail symmetry line and vetoc_ty vector.

Given a local source for the H:O" production in the

vicinity of the Shuttle, which is initially produced

stationary in the Shuttle frame of reference, electric

fieldswhether of sheath orignn or the convection

electric field assoc2ated with cross magnetic field

motion (including magnetic field pickup of the water

ions) will produce a different flow pattern in the wake

from that of 0".

Clear evidence of prominent wake plasma concen-

tration reductions and/or two-stream effects were seen

out to 50m from the Shuttle on releas© of the PDP.

This was also seen on the retrieval of the PDP in the

wake after free flight. Inward during retrieval at the

50 m range, distinct reductions began in the ambient

ion currents collected and the corresponding water ion

currents became enhanced. Just outside the detectable

plasma void of the Shuttle wake, as observed on both

the release and retrieval, l-IzO" was dominant.

During the free flight phase the satellite was flown
across the wake of the Shuttle at a distance of several

hundred meters. The ion measurements indicated

enhancements of H :O" and NO _ (Of) at these large

distances. Although the I-I20" ions are of definite

Shuttle origin, because the wake entrance took place

at the most poleward latitudes and just after sunnse

the NO" (Of) ion variations may just reflect these

inputs to the gas-plasma environment rather than a

distinct far wake effecL The effects of the Shuttle on

the ambient plasma are not restricted to its near

vicinity or plasma wake. Water ions wen= also detected

several hundred meters upstream of the Shuttle. This

indicates that the gaseous emissions expand far in all

directions and couple to the ionosphere beyond the

400m distance sampled by the PDP. The further

introduction ofN: and O2 gases along with l-lzO

may make the near environment of the Shuttle a most

unsuitable place for making accurate ambient ion
concentration measurements--both because of

increased loss rates of ambient O ÷ and the production

of molecular ions that exist in the ionosphere.
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Abstract. During the Spacelab-2 mission a small satellite
carrying various plasma diagnostic instruments was released
from the shuttle to co-orbit at distances up to 300 m. During a
magnetic conjunction of the shuttle and the satellite an electron
beam modulated at 1.22 kHz was emitted from the shuttle dur-

ing a 7 min period. The spatial structure of the electromagnetic
fields generated by the beam was observed from the satellite
out to a distance of 153 m perpendicular to the beam. Elec-

tromagnetic radiation at the fundamental and the harmonics
of the modulation frequency was observed as well as broad-
banded electrostatic noise. The magnetic field amplitude of
the strongest harmonics were comparable to the amplitude of
simultaneously observed whistlers, while the electric field am-

plltudes were estimated to 1-10 mV/m. The observations are
relatedto theoriesforradiationfrom pulsed electronbeams.

I. Introduction

paper presents new results about the spectrum, in-
tensity, and polarization of electromagnetic wave fields gener-
ated by launching a pulsed electron beam into the ionosphere
from the space shuttle. Previous experiments with rockets
[Car,wright and Kellogg, 1974; Winckler, 1980; Holzworth and
Keens, 1981; Winclder et al., 1985] have successfully detected
electron beam-produced waves in the VLF and ELF portions of
the radio spectrum for brief intervals limited by the rocket tra-
jectory. Earlier measurements by the research groups involved
in the present experiments have been made from the shuttle
with the OSS-1 mission of STS-3 in March, 1982 [Reeves et al.,
1987]. Using plasma diagnostic instruments described later, it
was found that electron bursts of various duration and pulsing
frequency would generate strong ELF a_d VLF signals, both at
the fundamental pulsing frequency and at various harmonics.
Peculiar sateUhe lines were also found to surround the higher
frequency si_ptals up to the limit of observations at 30 kHz.
Satellite Lines axe emissions separated in frequency from the
harmonic spectral lines generated by the pulsed electron beam.
The separation ruged from 100 Hz to 1 kHz. Most commonly
satellite lines appeared as single subsidiary lines, which were

higher in frequency than their primaries. However, since the
electron source, the Fast Pulse Electron Generator (FPEG),
and the instruments of the Plasma Diagnostic Package (PDP)
were virtually co-located within the shuttle payload bay, the
question of the extent to which these observations represented
waves in the ambient plasma medium could not be answered.

The Spacelab-2 mission, flown in the period of July 25
through Au_st 2, 1985, provided a unique opportunity both to
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repeatthe earlierpayload bay electronbeam experiments and,
during two orbitalperiods,to investigatethe behavior of beam

associatedphenomena with the PDP flyingas a co-orbiting,
free-flying,satellite.During the course of thisfly-aroundcare
was taken to permit the PDP and shuttleto have two magnetic
conjunctionsper orbit.At thesetimes the FPEG in the shuttle

payload bay was programmed to firevarioussequenceswith the
beam pointed inthe directionof the PDP. During the firstcom-
pleteorbit,no FPEG firingswere undertaken in order thatthe
PDP could assessthe background environment associatedwith
the motion of the Orbiter through the ionosphericplasma. On
the second orbit,the firstmagnetic conjunction was obtained

with the PDP above the Orbiter and the FPEG firinga con-
tinous (DC) beam. Results from thisexperiment have been
reported by Gurnett et al. [1986],showing the FPEG beam

emits copious broad band whistlernoisein the VLF, LF and
MF bands and that thisemission is similarto that found in

conjunctionwith auroralelectronbeams.

The resultspresentedhere were obtained in connectionwith
the fourth magnetic conjunctionwhen the PDP was below the
Orbiter at a distanceof about 200 m, and the Orbiterpayload

bay was pointed towards the earth. A sequence emitting an
electronbeam square-wave modulated at 1.22kHz began while
the PDP was within a few meters of the actual conjunction

point and continuedfor a period of about 7 minutes. During
thistime the PDP moved 153 meters perpendicularto the mag-
neticfieldas seenin the shuttlerestframe. As discussedbelow,

the experiment was highlysuccessfulingeneratingVLF signals
of substantialamplitude, both at the fund&mental pulsingfre-
quency and st the harmonics.

The PDP was supplied by the Universityof Iowa. It car-
ried various plasma diagnostic instruments, including am elec-
tric dipole antenna and a magnetic search coil, which were con-
nected alternately for 51.2 s to a wave receiver with a 10 kHz
bandwidth. When connected, the wave receiver scanned a 30
kHz frequency range by selecting l0 kHz bands as: 0-I0 kHz
(25.6s),10-20kHz (12.8 s),and 20-30kHz (12.8s).In addition,

an ELF band at 0.I-I.0kHz was continuoslymonitored by the
same antennas. Both receiveroutputs were controlledby an
Automatic Gain Control (AGC) system, which ensured a 100

dB dynamic range and a roughly constant output level.The
output in the ELF and VLF bands was telemeteredin anMog
form, and the I0 kHz VLF band was laterdigitizedat 25 kHz.
For a description of the PDP and the instruments, see Shawhan
[1984].The FPEG was partof the VehicleCharging and Poten.
tial(VCAP) experiment supplied by Stanford Universityand
Utah StateUniversity.Itemitted square-w&ve modulated elec-

tron beams with 100 mA beam currentand i keV energy. The
risetime of the acceleratorpotentialwas extremely small,of
the orderof 10-7 s.During the fourthflux-tubeconnectionthe

beam was pulsedat 1.22kHz, with the beam on time equal to
itsoff"time (,50% duty cycle).For a descriptionof the VCAP
instrumentation, see Banks et al. [1987].
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2. Observations

The shuttle was launched into an almost circular orbit with
a nominal altitude of 325 km and an inclination of 49.5 °. The

trajectory of the PDP relative to the shuttle during the fourth
magnetic conjunction is shown in Figure 1. The vertical axis is
the distance to the PDP measured along the earth's magnetic
field, and the horizontal axis the distance perpendicular to the
field. The pulsed be_n sequence started at approximately 04:11
UT and lasted for about 7 rain. The shuttle attitude was azl.
justed so that the electron beam was emitted towards the PDP.
Thus the beam pitch angle varied from about 3° to 49 ° during
the sequence.

25O
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5O

Pulsed Electron Beam Flux Tu_ Connection

04:10

 :2J
Coniunction )

04:20

i I i i I s
-100 0 100 200

Oistance I_rl_lndicuiar tO B (m)

The trajectory of the PDP relative to the shut-
tie during the fourth flux-tube connection. The beam wu
directed towards the PDP.

The conjunction occurred during nighttime. The ambient

electron density estimated from the Langmuir probe on the
PDP was 3x 104 cm -3 [Hawkins et el.,1987],which corresponds

to an electronplasma frequency,/_, of about l.l MHz. The
electrongyrofrequency,ft,,varied from 560 kHz to 600 kHz,

and the lowerhybrid frequency,fLH, from 2.9 kHz to 3.0 k/-Iz,
assuming the ion population consistedof O +.

An example of the magnetic fieldsobserved in the 1-10
range isshown in Figure 2 as function of time. The intensil

of the signalsiscolor-codedshowing the fundamental and
odd harmonics of the 1.22kHz pulsingfrequencyaa horizont
lines. During the time interval shown the distance of the PDP
perpendicularto the beam increased from about 111 m to 117
m. In additionto the emissionsat the odd harmonics, weaker
emissionsat the even harmonics are also present as well as
natural noise in the form of whistler activity. The two most
pronounced whistlers are seen at 16-17 s and at the end of the
frame. Note that these whistlers reach amplitudes that are

comparable to the amplitude of the strongest harmonics.
The PDP was spinning with a spin period of 13 s. Both

the magnetic and the electricsensorsmeasured a component of
the fieldsperpendicularto the spinaxis.This induces a mod-
ulationof the amplitude of the measured fieldswith a period

of 6.5 s. The modulation isvery noticablein Figure 2 for the
odd harmonics, especiallyfor harmonic numbers $ and 7. An

interesting point is that the spin modulation of the harmonica
are not in phase. We expect an analysis of the amplitude mod-
ulation to give us important dues as to the polarization of the
fields.

Figure 3 shows the electric fields 5:.2 s later, when the elec-
tric sensor was connected to the receiver and the PDP was at

a distance of 124-127 m from the beam. The strongest emis-
sions are at the second and the third harmonics, which are spin
modulated 180 ° out of phase. The amplitude of the harmonica

has been estimated using a preflight calibration of the receiver
and the AGC. The estimate agree with valuu obtained inde-

pendently from a filter bank wave experiment. We find that
the amplitude of the strongest harmonica vary from about 10
mV/m close to the beam to about 1 mV/m at the maximum
distance from the beam.

In addition to radiation at harmonic frequences, the pul_
beam generated broad-banded electrostatic noise seen as
blue background in Figure 3. The noise is present at least uqJIW
to the electron gyrofrequency with an intensity that decreases
with frequency. The level is about 50 dB above the natural
noise level in the 0-10 kHz band at closest approach to the
beam. Broad-banded electrostatic noise is commonly observed
in connection with DC electron beam emissions [Neubert et
al., 1986]. The intensity and the frequency characteristics were

Fig. 2. The magnetic fields in the frequency range 0-10 kHz as a function of time. The perpendicular distance
from the beam increased from about 111 m to 117 m.
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Fig. 3. The electric fields in the frequency range 0-10 kHz as a function of time. The perpendicular distance
from the beam increased from about 124 m to 127 m.

comparable to that seen during the earlier DC beam firing at
the third flux.tube connection [Guruett et al., 1987]

Harmonica in the electric sigual ere detectable mainly below
the third harmonic, except when very close to the beam. The
apparent lack of emissions at the higher harmonics could be
caused by the high level of broad.banded electrostatic noise,

h inhibits the detection of lower amplitude harmonics.
s shown in Figure 3, a narrow-band emission is also present
frequency of about 1.5 times the beam pulsing frequency,

and with it, & band of noise extending up to the second har-
monic. The noise is spin modulated and has a noticable mag-

netic component as seen in Figure 2. The lower hybrid fre-
quency induces a cutoff in the natural electromagnetic noise as
whistler waves with large wave normal angles are reflected at

this frequency. This effect is seen in Figure 2 at about 3 kHz.
The spin-modulated noise between 1.5 and 2 times the pulsing
frequency is presumably beam.generated and is at frequencies
below/L_/. This indicates that the noise is propagated in the
Afven mode. We note here that electromagnetic noise of a sim-
ilar nature, were observed earlier during the fly.around when
the electron beam was modulated at about 100 Hz. During
this period, the position of the PDP was about 200 m from the
shuttle &long the magnetic field, and 60-90 m perpendicular to
the field.

3. Discussion

The theory of Harker and Banks [1987] predicts the coher-
ent contribution of the field intensities generated by a square
wave modulated beam emitted at arbitrary pitch angles in a

cold magnetized plasma. It is assumed that the beam electrons
radiate coherently and that the beam retains an ideal helical
structure from the exit of the beam accelerator and to infinity,
while processes that destroy the ideal beam coherence are sim-
ulated by assuming that the current is exponentially decaying
with distance along the magnetic field with the scale length 1/_,
also called the coherence scale length. The theory is applicable

in both the near- and far-field regions, where an observation
point is in the far-field region if the distance from the beam is

larger than a perpendicular wavelength.
have determined some of the characteristics of the wave-

predicted by the theory for the experimental conditions
of the pulsed fie.x-tube connection. They are summarized along
with a compss'ison with observations in the following points:

1) From the assumption of an exponentially decaying but
perfectly square-wave modulated source current, it follows that
the predicted electric and magnetic fields are generated at the
odd harmonics of the modulation frequency as found by a

Fourier transform of a square wave function with a 50 % duty
cycle. While the radiation is electromagnetic in nature, detailed
expressions of the amplitudes have so far only been derived for
the electric field components. This renders ,_ closer compari-
son with theory difficult, since the electrostatic noise generated

simultaneously is of significant intensity as compared to the co-
herent radiation at the odd harmonics. However, from the mag-
netic field data we conclude that electromagnetic fields were

predominantly generated at the odd harmonics of the beam
modulation frequency as predicted.

2) The fields are generated through a Cherenkov resonance
(s = 0) given by the resonance condition:

3/.. + kt,_, - / = 0 (i)

where f, k, and e are the wave frequency, the wave normal,
and the beam electron velocity, and the subscript I[ stands for

the component parallel to the earth's magnetic field. The field
intensities generated through a cyclotron resonance (a = i)
and anomalous cyclotron resonance (8 = -I) are several orders
of magnitude lower than the contribution from the Cherenkov
resonance.

The perpendicular 'wave-lengths' of the fields generated
through Cherenkov resonance at 1-30 kHz are typically larger
than a few hundred meters, which brings the observations dur-

ing ttte fly-around within the near-field region.
3) With the difficulty mentioned in point 1) in mind, we

attempt in the following to compare the variation with radial
distance of the electric field amplitudes to the theoretical pre-
dictions. Solving the cold plasma dispersion relation for the
perpendicular component of the wave normal, kj., with/ell given

by (1) and s = 0 gives two physically acceptable solutions for
kj.. The one (root 1) is real for frequencies above/LH and cor-
responds to a propagating whistler mode wave with the wave
normal close to the resonance cone. Below f/,H this root be-

comes imaginary and corresponds to an evanescent wave. Root
2 is real in the full 30 kHz frequency range. Below fLH it cor-
responds to a fast Alfven wave, while above flu to a whistler
wave. The theory finds that the fields corresponding to root
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1 axe the strongest in the near vicinity. However, the electric

component of the evanecent field below fLH is strongly dmmped
with ra_lial distance from the beam, typically about 1 dB/m,

leaving the weaker component from root 2 at larger distances.
At increasing distances from the beam, a cutoff" at frequen-

cies below about 2 kHz is developed in the broad-banded noise,
which is followed by a decrease in the amplitude of the funda-
mental relative to the higher harmonics. We thus find the same
trend in the data as predicted by theory. However, this quLli-
tative agreement exists only when a very laxge beaan coherence
length is assumed, and is destroyed when the coherence length
is of the order of, or smaller than a paxallel wave length. The
paxallei wavelength was for the experimental conditions about
10 kin.

4) With the assumption of an infinite coherence length, the
predicted amplitudes of the haxmonics axe about two orders
of magnitude above the observed amplitudes, which reached
levels of 1-10 mV/m. The inclusion of a finite coherence length
brings the predictions closer to the observations when close to
the beaxn, but create problems at larger distances as mentioned
above.

5) The theory predicts the raAial component of the electric
emissionsto be the dominant component at allthe observed

odd harmonic frequences,and at alldistancesfrom the beam
covered by the PDP. This has as a consequence thatthe fields
are almost linearlypolarizedin the radialdirection.A spin

modulation isthus in generalexpected,although we yet have
to confirm the specificpolarization.Note, however, that the

observationof a spin modulation at the firstharmonic (Figure
3), which is out of phase with the modulation of the third
harmonic,isnot in accordancewith the theory.

In conclusionwe findthat the theoryof Harker and Banks

[1987]qualitativelydescribesthe frequencycharacteristicsof
the coherentelectromagneticradiationas seen in the magnetic
fielddat_ The observationsofweaker, but noticable,even hax-

morticeindicatethatthe currentsourceisnot perfectlysquare

wave modulated, even though the risetime of the accelerating
potentialof the FPEG gun isof the orderof 10-7 s. Even har-
monica were Mso presentindataobtained withthe PDP located
in the shuttlecargo bay,in dose proximityto the FPEG. We

suggest that radiationat even harmonic frequenciesis either
generatedby the returncurrent,or caused by a degradationof
the electronbeaxn coherence.

The FPEG beam densityis about 7 x lOecm -a at I0 cm

from the nozzle[Hawkins et at.,1987],which isat leasttwo or-
dersof magnitude largerthan the ambient ionosphericdensity.
Computer simulationsforsuch overdensebeams show thateiec.

trostatic potentials of the order of the beam energy axe created
at the so-calledstagnationpoint[Pritchettand WinKles, 19871,
which forthe conditionsof the fiy-axoundwould be formed at
atdistance of some meters from the nozzle.The formationof a

stagnationpointdrasticallyaltersthe beam structureby accel-
eratingand reflectingbemm electrons.However, u mentioned

by Pritchettand Wingiee [1987],the conditionsfor beaan ex-
periments performed from the space shuttlediffersfrom the

assumptions of the computer simulations. First, the shuttle
moves through the ionospherewith a considerablevelocity(7.7
kin/s)znd second,the surfaceof the returncurrentcollection

islargelyoutsideof the beam column and the collectingaxes
islarge(40 m 2) as compaxed co the beam crosssection.Both

theseeffectsaxelikelytoreduce the chargebuild-upat the stag-
nationpoint,amd the observationsdetailedabove suggestthat
the beam escapesthe shuttle,laxgelyretainingitssquaxe-wave

modulated structure(coherencein v]l). This does not imply,
however, thatthe helicalstructureisconservedas assumed in

the theory of Harker and Banks [].987].The observationof
fieldintensities,which are ordersofmagnitude lowerthan those

predicted for infinite coherence length, and the problem of in-
cluding a finite coherence length, could point towaxds the beam

losing its helical structure _lmost immediately (incoherence i_
U,I.)o

Finally we point out that the observed electric field am-

plitudes of 1-10 mV/m axe of a magnitude where non-linear
wave-particleand wave-wave interactionscan become impor-

tant [Neubert,].982].The possibilitythat the narrow-banded
electrostaticemissionsat ]..5and 2 times the modulation fre-

quency may be the resultof such processesshould be consid-
ered•
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Abstr_'t_Measurements of the Space Shuttle environment from the STS-3 and Spacelab 2 missions
indicate the presence of oblique ion smtams and broadband electrostatic noise. A two-dimensional theor-
etical model is applied to study a possible causal rolationship between the ion streams and the broadband
noise; especially in terms of the ion acoustic wave and ion-ion wave modes. This model predicts the
generation of waves with frequencies ranging from the ion cyclotron frequency up to values greater than
the ion plasma frequency, with the maximum growth rate occurring m the 10 kHz range. These results are
consistent with the observational data from the $TS.3 mission. The model also shows that these two wave
modes can co-exist only when the wave vectors of the two wave modes are nearly porpcndicular. The
parametric dependence of the wave imtabiliti_ on the plasma parameters, e.g. Nb/N,, T,/T, and the
inclination of the wave propagation vector, is abo studied.

INTRODUCTION

Wave-particle interactions resulting from the accel-
eration of ions in a collisionless plasma are of fun-

damental significance in space plasma physics. Pre-
vious observations from the IMP 7 satellite (Scarf et

al., 1974) and the IMP 8 satellite (Gurnett et al., 1976)

indicate that field-aligned streams are associated with

a continuum of electrostatic ion waves, ranging from
10 Hz up to several kilohertz in the Earth's mag-

netospheric region. Recent theoretical treatments of

ion stream-background plasma interactions (Grabbe

and Eastman, 1984: Omidi, 1985; Akimoto and

Omidi, 1986; Ashour-Abdalla and Okuda, 1986) also

predict the occurrence of broadband electrostatic
noise with wave vectors in every direction and with

the most intense wave occurring in a direction nearly

perpendicular to the field-aligned current. This
behavior is consistent with the IMP 8 observations

(Gurnett et al., 1976).

More recently, measurements from the STS-3 and

Spacelah 2 Space Shuttle missions have also revealed

the existence of high inclination secondary ion streams

in the Orbiter's near environment (Stone et al., 1983,

1986). The current density of these ion streams can be

a significant fraction of the ram current density," and

it is thought that these ion streams may be associated

with broadband electrostatic noise, ranging from

30 Hz up to 178 kHz, that was observed on the same

missions (Shawhan et al., 1984: Murphy et al., 1983).

In addition, electron-ambient ion temperature ratios

as high as 6 were reported by Raitt et al., (1984)

and Siskind e: al.. (1984) based on electron and ion

measurements made near the Orbiter during the STS-

3 mission. The electrons may have been heated by

wave-particle interactions to higher than normal tem-

peratures (ambient ionospheric T_,'T, ratios are usu-

ally in the range of I to 2). A very preliminary analysis
of the Differential lon Flux Probe (D1FP) measure-

"In Stone et al. (1983), a value of 0.08 is given for the
secondary-to-ram current ratio, as measured by the Differ-
ential Ion Flux Probe at a particular time. The ion current
density in space can be calculated from the given value of
collected instrument current by using the instrument charac-
teristic, which includes angular effects on sensitivity. When
this factor is included, the current density ratio is ~0.3 for
the particular data in Stone et al. (1983). At other times, the
ratio was found to be as high as ~0.7.
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merits indicates that the temperature of ions in the

beam is in the range of a few hundred Kelvins.

Although such low temperatures are abnormal for the

ionospheric plasma, they may not be unreasonable
for ions created within the Orbiter's neutral gas cloud.

Outgasing products from the Orbiter would be

expected to bc in the range of 300 K. The evidence of

wave growth during the STS-3 mission also suggests

that the ion beam temperature was much lower than

the background ion temperature (Ashour-Abdalla
and Okuda. 1986). Although a more detailed analysis

is needed to verify the above results, we can assume

that the beam ion temperature is less than, or equal

to. the ambient ionospheric temperature. Although
the source and mechanisms for the oblique ion

streams are still under study, the possible generation

of broadband noise has similarities to several existing

one-dimensional models that were developed to

explain the observation of electrostatic ion waves in

the ionospheric and magnetotail regions (Kintner et

al.. 1981: Akimolo and Omidi. 1986; Grabbe and
Eastman. 1984).

We have developed a two-dimensional theoretical

model that describes the injection of an oblique ion

beam into a background plasma and is directly appli-

cable to the beam-plasma interaction that appears to

have occurred in the environmental plasma of the

Orbiter. While the model requires TJT, >> I for any

significant wave growth to occur, as noted above,

ratios as high as T,/T, = 6 were observed at the
Orbiter (Raith et al.. [984 ; Siskind et al., 1984). While

the heating of the electrons probably results from

wave-particle interactions, we note that the neutral

gas cloud produced by the Orbiter is very extensive

and apparently interacts with the ambient plasma ; e.g.

a significant disturbance of the ions was observed as far

as l0 m upstream during the STS-3 mission (Stonc el

al.. 1986) and during the Spacelah-2 mission Orbiter

outgasing products were observed several hundred

meters upstream, it appears, therefore, that the neu-

tral gas cloud is sufficiently extensive that if the

oblique ion beams begin dumping free encrgy into the

environment in thc region of its upstream boundary,

a sufficient interactive growth of broadband noise and

clectron hcating could occur to cxplain the wave and

particle observations prior to the Orbiter-mounted

instruments passing through the rcgion : i.e. the free

energy of the beams would create electrostatic waves

that would initially be Landau damped because

T¢ _ T, in the ambient ionosphere, but would, in this

process, begin heating the electrons. As the electrons

heat up. the instability created by the beam would

begin to grow and a more efficient dumping of beam

free-energy would occur and so on. The main objective

K. S. HWANG et al.

of this paper is to show the feasibility of the predicted

relationship between the broadband electrostatic

noise and the secondary ion streams. This will be done

by using the particle data obtained from the STS-3

mission in the theoretical model and comparing the

characteristics of the predicted plasma instabilities
and oscillations with the broadband noise obser-

vations from STS.3.

THEORETICAL DERIVATION

The physical situation under which the measure-

ments of the Shuttle's particle and field environment

in space were obtained is described in Stone eta/.

(1983, 1986) and Shawhan eta/. (1984). In developing

an appropriate model, we make a transformation

from the Orbiter coordinate system to a new system

in which the geomagnetic field is aligned with the z

axis and the relative drift velocity, V,_ of the secondary

/on stream (with respect to the ambient plasma) lies
in the ._-z plane. The background electrons and ions
are represented by local Maxwellian distribution rune-
tions, whereas the beam ions are represented by a

drifting Maxwellian distribution function (Fig. I). The

wave frequency in this study is much higher than the

ion cyclotron frequency but smaller than the electron

cyclotron frequency, therefore it is reasonable to
assume that the background electrons are magnetized

while the background and stream ions are non-

magnetized. We also assume quasi-neutrality. There-

fore, the total number density of background and
stream ions is equal to the electron number density.

The derived generalized linear dispersion relation

is essentially similar to several previous papers (for

example, Grabbe and Eastman, 1984; Hudson and
Roth, 1984; Omidi, 1985); this equation was ob-

tained by using the usual method of integration

along unperturbed trajectories. For perturbations of

the type ¢xp(ik.r-iwt), the collisionless Vlasov-

Maxwell equations yield the following dispersion
relation :

I _'1 1 i
D(k,_) :, I+k--_ t +_r.(k_p,)_--

m r_Z rTe

)j> (1)

where /J(k,w) = Dr(/t',tr) +iD,(k,w), ,is = Prs./_211,r, is

the jth species' Debye length, wpj = (4_Nse21Ms) "2
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is the plasma frequency, pj - Yrj/_j is species' gyro-

radius, fij- eB/MjC is the cyclotron frequency of
the jth constituent, Fq(vj)- e-'/l¢(vj), l¢(vj) is the

modified Bessei function of order q, and Z(¢) -

Z,(¢) + iZi(¢) is the plasma dispersion function (Fried
and Conte, 1961). The wave frequency, w, is complex

(i.e.w-Wr+iW_) with a positivegrowth rate. By

assuming that w_ <<w,, equation (I)yieldsthe linear

frequency w, and growth rate w_,where w, satisfies

D,(k,w,)=,0 and the wave growth rateisgivenby :

-D,(k,w,) (2)
wi "_ aD,(k,w,)"

aw,

RESULTS AND DISCUSSIONS

The properties of electrostatic ion waves can be

deterrrdned by the propagation characteristics of the

wave in the w,-k plane under equation (1). Atomic

oxygen ions (0 +) are used as the ion species in this
analysis, in accord with the observations from the
Plasma Diagnostics Package (PDP) instruments (Gre-

bowsky et al., 1983; Murphy et al., 1983). Since the

frequency is measured by the moving wave instru-
ments, the actual frequency is related to the measured

frequency by w' .. w-k" V,, where V, is the shuttle

velocity.The resultsfrom the model corresponding to

the observed range of plasma conditions (i.e.

N, s3.0xl0" cm -3, V,t,.=l.8x10 s crn s-I and

Yo ,- 1.1× I06 cm s-s, 7"/7",,-2, T.JTb..7.5 and

Nb/N,., 0.5)are given in Fig.2. These resultsshow

thatwaves may be generatedwith frequenciesranging

from 50 Hz up to severalhundred kilohertz,and that

the maximum growth rateoccurs at frequenciesin

the range of I0 KHz, which is consistentwith the

observationaldata from STS-3.

The angle,0. between the wave propagation vector

and the ion beam isa parameter in thesecalculations

and the resultsindicatethattwo typesof wave modes

may occur,i.e.theion acousticand theion-ion modes.

When 0 < 60°,thephase velocityismuch greaterthan

the background ion thermal velocityand the mech-

anism for wave generationismainly due to the elec-

tron-ion beam interactionwhich produces ion acous-

ticwaves. However, when 0 > 60°,the phase velocity

iscloserto the ion thermal velocity.In thiscase,a

fluidtype instabilitymay occur (Tidman, 1967),and

the wave may be produced by an instabilityresulting

from the ion-ion interaction.The wave growth rate

of this mode increases abruptly and reaches a

maximum at 0 _-77°. As the ratioof N),/N,is in-

creased to I,only the ion acousticwave exists.How-

ever,as shown in Fig. 3, where Nb/N, = I, the ion

acousticmode disappearswhen the wave propagation

vector is nearly perpendicular to the ion beam

(0 ;_70°). Since the ion-ion mode vanishes for

NblN, .- I,Fig.3 shows thecharacteristicsof the pure

ion acousticwave mode.

Figure 4 shows the dependence of the maximum

wave growth rateon theangle between the wave vec-
tor and the ion stream for severalvaluesof the tem-

perature ratio,T,/T,.The plasma conditions are,

otherwise,the same as those used for Fig.2. When

the 7"IT,ratioissmall (< 1.3),the ion acousticand

ion-ion waves are restrictedto very narrow areas at

nearly parallel (0 = 0°) and nearly perpendicular

(0- 76°) directions,respectively(see Fig. 4). The
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wave growth rate of both wave modes is small and

comparable. As 7,/7, increases, the electron damping

is gradually decreased and the interactionbetween

the electrons and beam ions increases. Therefore, the

wave growth rate for the ion acoustic mode increases

and spreads over a wider angular range. When the
T,/_ ratio increases high enough such that the elec-

tron damping can be neglected, the ion acoustic wave
begins to saturate in the parallel direction. At the same

time, the ion-ion wave instabilities greatly enhance the
wave amplitude in the nearly perpendicular direction.
The results indicate that these two wave modes can

only co-exist when the wave vectors of the two modes
are nearly perpendicular. The ion-ion wave growth
rate increases much faster than the ion acoustic wave

mode as T,./T increases. This result indicates that the
ion-ion instability heats the beam ions more than the

ion acoustic instability. The higher the electron-ion

temper_ature ratio, the lower the instability threshold

in the transitionregion.This isto be expected from
the observed $TS-3 thermal environment.

The maximum growth ratevs beam ion-electron

number densityratioispresentedinFig.5.The results

show thatfor parallelpropagation (0 =.0°),the wave

growth rate monotonically increaseswith number

density ratio for the ion acoustic mode. However,

when the angle between the wave vector and the ion

stream increases, the number density ratio at which

the maximum growth rate occurs is between 0.3 and
0.8, depending on the value of 0. This is consistent

with the results calculated by Omidi (1985). Again, we
noticethat the wave growth rateismuch largerfor
theion-ion wave mode than forthe ion acousticwave

mode, except at higher N_/N+ ratios(> 0.9).The

resultsalso show that these two wave instabilities

cannot grow immediately (see Fig. 5) at Nb/N,- 0

without a critical value of Nb/N, being reached, as

Akimoto and Omidi (1986) suggested.

CONCLUSIONS

The Space Shuttle, with its environmental gas

cloud, acts as a natural laboratory for the study of

wave--particle interactions. The analysis and possible

understanding of the interactions can be obtained
through the use of in situ measurements coupled with

theoretical analysis and numerial simulation. In this
paper, we have studied the parametric behavior of the

wave spectrum of broadband electrostatic noise in

a magneto plasma with a superimposed drifting ion
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stream. The drifting ions are considered to be the

source free energy for the waves, leading to the growth

of an instability.
This linearized two-dimensional theory predicts the

generation of waves over a broad band of frequencies.

ranging from above the ion plasma frequency down
to the ion cyclotron frequency, in agreement with the
available in situ observations from the $7"S.3 mission.

The instability derived in this manner produces ion
acoustic wave and ion-ion wave emissions over a wide

frequency range which corresponds to the observed

frequency range for a reasonable choice of the plasma
parameters. As we have shown earlier, the growth rate

of the ion-ion wave mode is usually greater than the

ion acoustic wave mode, except at higher ion beam-

electron number density ratios or at lower electron-

ion temperature ratios. Thus, in general, the ion-ion
wave instability heats the beam ions more than the

ion acoustic instability does.

During the IMP 8 m;ssion, Gurnett er al. (1976)

found that the broadband electrostatic noise was gen-
erated over most wave vector directions with the most

intense waves occurring in the direction nearly, per-
pendicular to an observed field-aligned current. The

theoretical analysis by Omidi (1985) was shown to be

consistent with the observations. The generation of

electrostatic waves by the ion streams in the Orbiter's

environmental plasma is similar in some aspects to
wave--particle interactions observed in the Earth's

geomagnetotaii. This phenomena therefore provides

an example of how processes that occur in natural

space plasma phenomena, can be created and studied
in more detail in the ionosphere. Although the
measurements form the STS-3 mission are unable to

specify the direction at which the maximum growth

rate occurred, we do predict results for the 3"TS-3

missions similar to those for IMP 8. Dunng the

Spacelab 2 mission, the PDP was spinning while in
free flight and, therefore, the wave vector can be

determined. The results of these measurements, when

available, will provide a more viable test for the

present model.
In conclusion, we note that simulation calculations

by Ashour-Alxialla and Okuda (1986) predict electron

heating to occur in a similar plasma model. Although,
theoretically, the wave instability could heat the elec-

tron population (Davidson et al., 1970) which, in turn,

could ionize the neutral gas cloud, the evaluation of

the possible connection between the broadband noise,

electron heating, and neutral particle ionization will re-
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qui_ a careful consideration of electric field strengths

and the efficiency of coupling with the electrons

as well as wave growth rates. The present study has

concentrated on the generation of ion acoustic and

ion-ion waves. The authors are aware that other

important ion wave modes, i.e. the electrostatic ion

cyclotron and ion Bernstein waves, have received no

attention at this point in the analysis. According to the

observations, waves can also occur with the maximum

growth rate at a lower frequency near the Nth order

of the ion cyclotron frequency range. A detailed study

of this equally important wave mode will b¢ presented

elsewhere. However, the present model, although

incomplete, is adequate to show that the free energy

associated with the high inclination ion streams is

sufficient to ignite ion acoustic and/or ion-ion wave

instabilities that are capable of producing the

observed broadband noise signature.
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Abstr,,et--Examples of prominent thermal ion composition variations characteristic of the Shuttle environ-
ment as observed from within the open cargo bay on the Spacelab 2 mission are discussed. Although the
prominent ionization source is the inflow of the ambient plasma (in particular O*), water ions of Shuttle
origin were present throughout the mission, and there was evidence for a local source of molecular ions
NO*and/or O_ which also exist in the ionosphere. Bursts in the fluxes of these contaminant species were
frequently observed coincident with thruster finngs while O ÷ depletions or enhancements could occur
depending on the scattering geometry. These effects bring into question whether reliable ambient thermal
ion measurements can be made from the vicinity of such vehicles. The presence of significant inflows of

contaminant ions into the bay within the Shuttle wake also indicates that Shuttle emissions play a significant
role in the evolution of its wake structure.

INTRODUCTION

The University of Iowa Plasma Diagnostic Package

(PDP) activities on the Spacelab 2 (SL-2) mission were

planned to explore the properties of the plasma and
fields within a wide range of regions about the Shuttle.

This was done by taking measurements not only from

its secured position within the open cargo bay but also

at various locations from the Remote Manipulator

System (RMS) arm and as a free-flying satellite. One
of the instruments on the PDP was a Bennett RF

ion mass spectrometer which measured effects of the

Shuttle's gaseous emissions and structural geometry
on the ambient thermal ions. A detailed knowledge of

this interaction is needed to determine what type of

reliable ambient plasma measurements can be made

near large, gas emitting space structures. It is also
needed in order to determine the extent of the control

one can have over plasma science experiments using

such vehicles as large experimental laboratories mov-

ing through an extensive magneto-plasma. In this

paper ion mass spectrometer observations made

within the SL-2 bay will be used to pinpoint the more

prominent ways in which thermal ion measurements

are affected by the Shuttle. Observations made on the

RMS just prior to release and after capture, as well

as some of the free flying measurements, have already

been considered (Grebowsky et al., 1987).

SPECTROMETER CHARACTERISTICS

The ion mass spectrometer flown on the PDP was

of the Bennett RF genre (Bennett, 1950). Thermal ion

spectrometers flown on satellites to make ambient ion

measurements are usually oriented to look into the

vehicle ram direction. On the Space Shuttle many

experiments compete for optimum orientations. As a
result the look direction of spectrometers fixed within

the bay is necessarily often facing in a non-ideal direc-
tion for measurements of ambient ions. However,

such orientations can prove interesting from the view-
point of observing Shuttle perturbations. Due to the

complex attitude variations of the Shuttle and the

positioning of the PDP in the midst of a complex

payload bay configuration a routine conversion of
collected ion currents into corresponding number den-

sities was not feasible. Hence only the raw ion currents

collected, which are dependent on the number flux

of ion species entering normal to the aperture, are
considered here.

The ion spectrometer on the SL-2 mission had a

less effective mass resolution than that of similar

instruments flown on other satellite missions (such

as OGO, Atmosphere Explorer, and Pioneer Venus

spacecraft). Since the RF section of Bennett spec-
trometers sorts ions on the basis of their axial velocity

(Bennett, 1950), the instrument is responsive to tur-
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bulent and multi-energy ion flows near the Shuttle,

features which were prominent on earlier missions

(Stone et al., 1983; Raitt et al., 1984; Hunton and

Calo, 1983 ; Pickett et aL, 1983). As a result, masses

such as 17 amu, which have been detected, and minor

ionospheric ions with a mass within 1 or 2 ainu of a

more dominant one were not always unambiguously

detected during the mission even when they were

expected. As a consequence of this, subsequent SL-2

plots will refer to the molecular ion species NO + and

H 20 + only with the understanding that the presence
of adjacent mass ions cannot Ix ruled out.

SURROUNDINGS OF IMS AND SL-2

The launch position of the PDP was on the port side

of the aft pallet (Fig. 1) with the ion mass spectrometer

(IMS) looking forward. The ramming ambient

plasma had an unoccluded, although oblique, flow

component into the spectrometer only when the

Shuttle was flying with its nose forward and down

slightly. With regards to adjacent structures, the PDP

has no large obstruction on the port side between it

and the port bulkhead. However, on the starboard

side just forward of the PDP is an X-ray telescope

which extends above the PDP toward the payload

bay envelope. Hence a distinct port-aft difference is

expected in the incoming ion fluxes detected by the

spectrometer.

In the absence of simultaneous ambient ion obser-

vations in a region unperturbed by the Shuttle, pre-

vious satellite observations must be used to describe

its immediate ion environment. For this purpose

Atmosphere Explorer C and E. which flew for exten-

sive periods at SL-2 altitudes in the vicinity of 300 kin.

will be used. A measure of the range of variations in

the ion composition that could occur along a typical

orbit of SL-2 was obtained by sorting out all the

thermal ion concentration measurements made by the

Bennett RF Ion Mass Spectrometers on both satel-
lites. All ion data obtained within a band of altitudes

about that of SL-2 and within a latitude window that

straddled a typical SL-2 orbital track in magnetic

latitude and local time were plotted along the orbit

(Fig. 2). From these observations the most prominent

ions anticipated along the SL-2 orbit were O ÷ and the

moleculars NO* and O_ (the latter is not plotted but

its concentrations and variability were similar to

NO ÷). During the daytime the ambient O ÷ variation

should have been relatively smoothly varying along

the Shuttle's orbit on the SL-2 mission, but pre-

cipitous changes and irregularities in the ambient con-

centrations could be expected at night. Other ambient

ions observed in the AE sortincluded N,.+, N +, H +

and He + . These ions were detected at times through-
out the SL-2 mission but will not be considered here.

OBSERVATIONS IN BAY

An example of ion measurements within the bay

early in the mission which displayed the most promi-

nent features of the interplay between the Shuttle and

the ambient ionosphere is shown in Fig. 3. These data

were taken only a few hours after turn on of the PDP

instruments following the Spacelab launch (on 29 July

1985 at 21:00 G.M.T.). As depicted in the plot, the

Shuttle's attitude was being reconfigured for an orbit-

circularizing Orbital Maneuvering System (OMS)
burn. The Shuttle's altitude rose from 222 km at the

beginning of the interval plotted to 319 km at 03:23

G.M.T. when a 47 s duration OMS burn took place.

During the attitude change the orientation of the

Shuttle with respect to the orbital plane was par-

ticularly useful for highlighting general ram-wake ion

behavior. It was essentially flipped about its y axis

(i.e. it pitched over along the orbit with its wings

directed, within a few degrees, perpendicular to the

orbit plane).
The most obvious characteristic of the ion fluxes

collected within the bay during this period was the

overall absence of significant ionization when the bay

(and the IMS) were facing into the wake of the moving

vehicle. The observed ram-to-wake drop in the total
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The data were selected from within a _+10° latitude window about a SL-2 orbital track in magnetic local
time and latitude. Measurements were restricted to 270-330 km altitudes and to 30 day intervals about
day 212 and about day 31 with the signs of the latter latitudes reversed to agree with the latitude-season

dependence of the SL-2 orbit

ion flux by at least 4 orders of magnitude is typical of
that expected and previously observed for the fluxes

in the vicinity of such a large vehicle (Raitt et al.,

1984; Siskind et al., 1984; Samir et al., 1986). In

addition to this gross effect, the collected currents of

inflowing ambient ions will increase as the ions ram

more directly into the spectrometer. The latter

behavior is indeed apparent in the O ÷ current in Fig.

3, which increases with decreasing angle of attack of

the spectrometer into the ram direction until shadow-

ing of the incoming plasma flow by the forward

Shuttle cabin begins. The NO + ions followed a similar

response when the IMS attack angles were smaller

than approximately 45 ° . However. when the Shuttle

bay was first turning into the ram direction and the

IMS angle of attack was near 90 °, the NO + current

was large relative to that of O ÷. This is not the

expected response for an ambient flowing ion since it

is well established (Samir, 1970) that the rate of

decrease ofcollected currents in a flowing plasma with

increasing angle of attack is faster the heavier the ion

species. Since the bay was oriented into the velocity

direction at this time, this indicates the presence of a

Shuttle derived source of NO ÷ ions. This is consistent



1466 J. M. GREBOWSKY et aL

DAY 211
lo .T

'?" T
10 4 I- '

v 10-_o

Z

r,-_ 10""

10 .)2

248 3O0

POP IN BAY LEVEL 2
, ) , t J ) ) J

48" IMS ATTACK 0 45 =
_ N_3,LE (_ -"--I I

BAY iN RANI_ I --

' ' 3;2. ' ' --'z_*4 ' 336

GMT

FIG. 3. ION MEASUREMENTS FROM AN ORBIT EARLY IN THE MISSION FROM THE PARKED PDP POSITION WITH

THE BAY ARE SHOWN.

The Shuttle was flipping in preparation for an OMS burn near 03:23 G.M.T. The attitude variation
provided a relatively simple geometry for discerning angle of attack variations of the ambient collected
currents into the spectrometer and the different behavior of contaminant ions produced in the Shuttle

environment.

with the observed variation of the contaminant ion

H zO + which peaks in the same region and whose

current does not track the [MS attack angle but rather

the angle of the bay into ram. Although there were

undoubtedly ambient ion concentration variations

along the orbit it is evident that the dominant effect

on the in-bay distributions is the Shuttle attitude.

The effects of thruster firings during this sequence

of measurements were most evident near 03:03 and

03:23 G.M.T. as short-lived enhancements in the

molecular ion current densities--the first occurring

during a Reaction Control System sequence of firings

and the latter during the OMS system burn. Con-

centration enhancements of these molecular ion spec-

ies are commonly observed in the vicinity of the

Shuttle in association with engine firings (Narcisi et

al., 1983; Grebowsky et al., 1983) and are consistent

with the ionization of their neutral counterparts that

has been observed (Wulf and yon Zahn, 1986) to be

emitted by the thrusters which employ the reaction

between monomethyl hydrazine and nitrogen tetrox-

ide. Observations of ambient O + ion flux depletions

near the Shuttle during firings, such as occurs near

03:03 G.M.T. in Fig. 3, were observed on the earlier

STS-4 mission. This is not unexpected since the O +

loss rate through charge exchange with water mol-

ecules is very rapid compared to the nominal ambient

O ÷ chemical loss rate (e.g. Mendillo and Forbes,

1978). However, over the entire SL-2 mission O +

depletions during engine burns were not always or

even typically observed when the PDP was secured in

the bay. This is partially due to the fact that most

firings are short in duration (usually less than a

second) compared to the sweep period (2.3 s) of the

IMS through all masses. Ion scattering plays a part

also as will be evident in the next example orbit.

Many of the orbits with the PDP parked in the bay

are characterized, as in Fig. 3, by a generally totally

depleted plasma wake behind the Shuttle. However,

ions can get into this strongly depleted wake as is

evidenced by the trace level enhancement of the water

ion flux near 03:32 G.M.T., which occurred when the

Shuttle velocity was at an angle of 135 ° from the

outward bay normal. Such ion flux enhancements in

the wake are sometimes coincident with thruster

firings. These enhancements would be the result of the

momentary scattering of thruster ions into the wake

or the pickup of locally produced ions by the ambient

magnetic field, which causes them to gyrate into the

wake. However, the isolated wake event in Fig. 3 is

much longer in duration than the vernier engine firings

that took place at that time. It is more likely, therefore,

that it results from a discrete stream of plasma directed

into the near wake---perhaps one of the multiple

streams that have previously been observed from

measurements on the RMS (Stone et al., 1983).

The ion flux behavior seen on the orbit depicted in

Fig. 3 is one of the least complicated examples
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obtained from within the bay during the SL-2 mission.

A later orbit example shown in Fig. 4 provides a

glimpse of more complicated in-bay ion behavior

resulting from ambient ion and Shuttle interaction

processes. In this circumstance the attitude of the

Shuttle was dictated by another experiment--it was

an orbit dedicated to verification flight testing of the

Shuttle's Instrument Pointing System. The spec-

trometer was looking into the forward direction of

the Shuttle's motion at all times until approximately 5

min before the end of the period plotted, but the bay

was exposed to the ram direction only subsequent to

11:22 G.M.T. Also, the component of the motion

in the port-aft direction changed twice during the

period.

The observations near and afterdawn when the

bay and IMS aperture were angled toward the ram

directionshow the expected drop off of the ambient

0 ÷ with increasingIMS attackangle and the overall

buildup of the H :0 + fluxeswith increasingexposure

of the bay to the ram direction. What was not
observed was the usual absence of ion fluxes in the

wake of the Shuttle. Enhanced fluxes of ambient O +

were detected when the bay was facing as much as
I10 ° from the ram direction. The water ion fluxes

peaked even further into the wake. The shift between

the O + and H20 + maximum currents in the wake

implies different average flow directions for the con-

taminant and ambient ions streaming around the

Shuttle. The behavior of the NO + follows the con-

taminant profile in the wake also. Hence the Shuttle's

plasma wake differs significantly from ground-based

experimental and theoretically studied wakes in that

ions produced from Shuttle emissions play a sig-

nificant role in wake filling processes. Further, the

obvious reduction in currents when the Shuttle was

moving towards its starboard direction (between

11:i6 and 11:26 G.M.T.) indicates that plasma

shadows produced by in-bay structures further com-

plicate the near plasma wake.

There was a relatively large number of vernier

thruster firings during the period displayed in Fig. 4

as well as the detection of comparatively low undis-

turbed ion current magnitudes. These two factors

account for the increased number of distinctive

thruster ion current spikes observed in the molecular

ions compared to the previously discussed data

sample. Another feature worth noting is the presence

of, at times, spike-like enhancements in the O ÷ current

during firings. O* is not expected to be emitted from

the thruster chambers, nor will it be enhanced in con-

centration by the chemical interaction of the neutral

thruster effluents with ambient ions since the ambient

O + provides the charge. One possibility is that ambi-

ent 0 + trajectories are momentarily perturbed by elec-

tric field changes induced by the firings----e.g, the PDP

electric potential on the STS-3 mission was found to

change during thruster firings (Pickett et al., 1985).
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The attitude is schematically indicated by the time intervals in which the incoming ambient ram velocity

had a component into the IMS, the bay and portside. The crosses denote minimum angles--the angles

increase monotonically away from these points. H30 ÷ ions were also detected amidst the irregularly

varying H30 ÷ ion fluxes in the wake.

Another is that ambient ion scattering by the thruster

gases will produce short-term scattering effects as has

been observed for the neutral gases (Wuif and yon

Zahn, 1986).

The effects of ion-neutral scattering processes and

the filling in of the Shuttle wake are most vividly seen

during water dumps. Figure 5 shows an orbital seg-

ment of observations within the bay during a period

of water release on the next-to-last day of the Spacelab

2 mission. The varying attitude of the Shuttle is

roughly indicated by the intervals when the incoming

ram velocity was directed into the bay, the portside,

and the [MS. The minimum angles of attack occurred

at the points marked by crosses and increased mon-

otonically away from these points. The actual attitude

of the Shuttle was prescribed by an X-Ray Telescope

star cluster tracking.

The usual enhancement of the O ÷ flux when unob-

structed ambient flow enters the IMS is evident once

the PDP emerged from the plasma shadow of the

starboard payload instruments near 05:15 G.M.T.

The NO + current maximized near the minimum

unobstructed IMS attack angle as expected for ambi-

ent incidence. The H 20 + currents increased with the

onset of the water dump and were detected far towards

the anti-ram direction of the Shuttle until the bay

was 140 ° from ram and the water dump terminated.

During the dump there was a mixture of 18 and 19

ainu ions detected in the wake with very irregular flux

variations. The 19 amu ions are presumably H30 +

ions resulting from collisions between water ions and

a dense cloud of neutral water molecules (Hunton and

Calo, 1983). The flux irregularities are consistent with

the production of plasma turbulence by such water

releases (e.g. Pickett et al., 1985). Thruster firings

produced the usual isolated spike-like enhancements

of the NO" currents. Thruster enhancements of water

ion fluxes, however, were not detectable within the

much more dense contaminant ion cloud resulting

from the water dump.

COMMENTS

Thermal ion measurements made within the

Shuttle's open cargo hay show vividly the sources

of plasma variability in the.near Shuttle ion environ-

ment. Measurements of ambient plasma variations in

the near vicinity ofsuch structures are obviously going
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tO be compromised. Measurements made under

different attitude configurations are useful for under-

standing the plasmadynamic interactions between a

large vehicle and a flowing plasma at parametric scale

sizes unattainable in the laboratory. In the case of the

Shuttle, however, locally generated ion species play a

significant role in this interaction as is evidenced by

the dominance of water ions in its wake. Finally,

measurements made within the open bay envelope are

dominated, to a great extent, by the payload con-

figurations resulting in a unique ion environment for

each individual Shuttle mission.
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During the shuttle's Spacelab 2 mission the University of Iowa's plasma diagnostics package (PDP)
was released from the shuttle to free fly. At times during this free flight when the PDP was magnetically
connected to the shuttle, Stanford's fast-pulsed electron generator, located in the shuttle cargo bay,
ejected a l-keV, 50-mA electron beam. The plasma wave instrument on board the PDP detected intense
whistler mode radiation during these beam ejections. This paper presents a study of a whistler mode
emission detected during one particular continuous electron beam firing. Calculations indicate that the
beam radiated approximately 1.6 mW in the whistler mode as the beam traversed the 200 m from the
shuttle to the PDP. The emissivity also decreased by about a factor of 10 over this same distance. The
measured wave powers are l0 v greater than wave powers expected from incoherent Cerenkov radiation,
verifying that the radiation is generated by a coherent process. Estimates of the emissivity based on
measured electric field intensities in the beam indicate that the whistler mode noise is produced by
radiation from electron bunches created by an electrostatic beam-plasma instability.

INTRODUCTION

In this paper we describe an electron beam experiment per-

formed on the Spacelab 2 (SL 2) mission. The Spacelab 2
flight, which was launched on July 29, 1985, included an elec-

tron accelerator called the fast-pulsed electron generator
(FPEG) from Stanford University and a spacecraft called the

plasma diagnostics package (PDP) from the University of
Iowa. During a 6-hour period on August 1, 1985, the PDP

was released from the shuttle to investigate plasma effects in
the vicinity of the shuttle. During the PDP free flight, the

shuttle was maneuvered so that the PDP passed near mag-
netic field lines connected to the shuttle. Four such magnetic

conjunctions were achieved. During one of these magnetic

conjunctions a 1-keV, 50-mA electron beam was continuously
ejected from the shuttle so that radiation effects could be

monitored as the PDP passed near the magnetic field line

carrying the beam. Plate 1 shows a frequency versus time

spectrogram from the PDP plasma wave instrument during
this electron beam event. The funnel-shaped signal extending

from the electron cyclotron frequency £ down to approxi-

mately 30 kHz is whistler mode radiation from the electron

beam. This whistler mode radiation was first described by

Gurnett et al. [1986]. Our objectives in this paper will be to

determine the total radiated power from the beam and com-

pare it with the power predicted by various whistler mode
radiation mechanisms.

Whistler mode emissions are known to be produced by
artificial and natural electron beams. Some of the early

of emissions from artificial electron beams were

Copyright 1988 by the American Geophysical Union.

Paper number 7A8986.
0148-0227/88/007A-8986505.00

made in the early 1970s by the University of Minnesota group
using the Echo rocket experiments [Cartwright and Kellogg,

1974; Kellogo et al., 1976; Monson et al., 1976; Winckler,

1980]. Observations of beam-generated emissions were also

made on the joint Franco-Soviet Artificial Radiation and Au-

roras Between Kerguelen and the Soviet Union (ARAKS)

beam experiments [Dechambre et al., 1980]. The first space

shuttle electron beam experiment was performed in March

1982 as part of the Space Transportation System 3 (STS 3)

mission. On this flight the PDP was carried on the shuttle

remote manipulator arm, and the FPEG was used to produce
an artificial electron beam. During electron gun firings a possi-

ble whistler mode signal was detected from the electron beam

[Shawhan et al., 1984]. In December 1983 the Phenomenon

Induced by Charged Particle Beams (PICPAB) experiment

was carried as part of the Spacelab 1 mission. The PICPAB

experiment was specifically designed to investigate radiation

from electron beams injected in the ionosphere. As in the

other previous experiments, whistler mode signals were again

detected when the electron gun was fired [Beghin et al., 1984].
Whistler mode radiation is also produced in the auroral

zone in association with the field-aligned electron beams that

are responsible for the aurora [Gurnett, 1966]. This radiation

is usually called auroral hiss. Both upward and downward

propagating auroral hiss has been observed [Mosier and

Gurnett. 1969]. The downward propagating auroral hiss is

associated with downward moving electron beams with

characteristic energies of a few hundred electron volts [Gur-

nett, 1966; Hart'., 1969; Gurnett and Frank, 1972; Laaspere

and Hoffman, 1976]. The upward propagating auroral hiss

often has a V-shaped spectrum called a "'saucer" [Smith, 1969;

Mosier and Gurnett, 1969; James, 1976"] or a "funnel" [Gurnett

et al., 1983]. Upward propagating auroral hiss has been ob-

served in association with upward moving field-aligned elec-
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beams [Linet al.. 19843. The characteristic frequency-

shape of the saucer or funnel is a propagation effect that
occurs for whistler mode waves propagating near the reso-

nance cone. Gurnett er al. [1986], in their initial analysis of the

Spacelab 2 results, showed that a similar wave propagation

effect was observed for the whistler mode signals generated by
the SL 2 electron beam.

ELECTRIC FIELD POLARIZATION

To confirm that the radiation from the Spacelab 2 electron

beam is propagating in the whistler mode, we compare the

electric field polarization with the polarization expected for

the whistler mode. The whistler mode has a polarization that

depends on the wave frequencyf, the wave normal angle 0, the

cyclotron frequency f_, and the plasma frequency fp. Using

cold plasma theory [Stix. 1962], the electric field and index of

refraction vectors can be calculated as a function off,0f_, and

fp. For the whistler mode the index of refraction varies

strongly as a function of the wave normal direction. This vari-

ation can be represented by an index of refraction surface, n(0),

which is a surface that is defined by the loci of index of refrac-

tion vectors at different wave normal angles. Figure 1 shows
the index of refraction surface for the whistler mode. At a

limiting wave normal angle, known as the resonance cone

angle 0R, ., the index of refraction goes to infinity. The reso-

nance cone angle is given by tan 2 0R, = --P/S. where P =, 1

_fp2/f, and S = I -fp2/Or2 _f2). As the wave normal ap-

proaches the resonance cone, the electric field E becomes lin-

polarized with E parallel to n. In this limit the electric

_ld is quasi-electrostatic and the group velocity vw is perpen-

to E and n (see Figure 1).

In a previous paper [Gurnetr et al.. 1986] the funnel-shaped

frequency versus time pattern of the radiation from the SL 2

electron beam was explained as a frequency dependent propa-
gation effect for whistler mode emissions from the electron

beam. Figure 2 is a sketch demonstrating how this effect

works. Consider, first, a point source of whistler mode radi-

ation, with the radiation propagating near the resonance cone.

As the wave frequency increases, the resonance cone angle

decreases, and the ray path direction v0 becomes increasingly
oblique to the magnetic field, approaching 90 ° as the fre-

quency approaches the electron cyclotron frequency. Typical

ray paths for a whistler mode emission propagating near the

resonance cone are shown in the figure. As a spacecraft ap-
proaches the source, emissions near the gyrofrequency are de-

tected first, since their ray paths are almost perpendicular to

\
\

\

\
,,,

Fig. I. The index of refraction surface for the whistler mode and
the associated E. k. and v. vectors for propagation near the resonance
cone (0 = OR..). For propagation near the resonance cone. k and E are
parallel and nearly perpendicular to v.. In this limit, E is linearly
polarized and quasi-electrostatic.

//

SPACECRAFT

-_ SOURCE
I

TIME

Fig. 2. The whistler mode ray paths from a point source radiator.
Note that a passLng spacecraft will detect radiation near the gy-
rofrequency first, then detect lower frequency emissions as it nears the
source. A well_efined frequency versus time funnel-shaped spectrum
results from this spacecraft/source encounter.

the beam. Progressively lower frequencies are then detected as

the distance between the spacecraft and source decreases. This
frequency dependent propagation effect creates a funnel-

shaped emission pattern on a frequency versus time spec-

trogram. By comparing a modeled emission pattern using cold
plasma theory to the funnel-shaped pattern shown in Plate 1,

Gurnett er al. [1986] have confirmed that the whistler mode

emission from the SL 2 electron beam is propagating upward
from the shuttle near the resonance cone. The distinct funnel

boundary is defined by the waves that propagate directly from
the beam origin, the shuttle. The funnel on the spectrogram

appears filled in, since the radiation is being emitted by a line

source extending upward from the shuttle rather than a point

source. Since the waves are upward propagating, k. vb > 0,
where % is the beam velocity vector.

In order to provide further confirmation that the radiation

from the SL 2 electron beam is propagating near the reso-

nance cone, an additional test was performed. This test com-
pares model electric field directions in the PDP spin plane to

their actual directions as measured by the PDP plasma wave

instrument. To perform this test, a computer program was
developed that calculates the angle 0 between the projection

of a model electric field onto the spin plane and a fixed refer-
ence direction. The fixed reference direction selected was the

spin plane projection of the spacecraft-Sun vector. To com-

pute 0, the group velocity was assumed to be directed from a
point on the beam toward the PDP with the electric field

vector E at an angle 0R, relative to the beam. This field geom-
etry is the expected configuration for an upward propagating

whistler mode wave near the resonance cone. Figure 3 shows

the corresponding geometry of E, vo, and k.

The electric field directions in the spin plane calculated
using the model described above are compared to the mea-

sured electric field directions found from spin modulation

maximums in the receiver data. The spin modulation maxi-

mums occur when the PDP electric antennas are aligned with

the measured electric field in the spin plane, thus allowing a
direct determination of this measured electric field direction.
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Fig. 3. The ray path and E, k. and v, vectors used to confirm the
electric field polarization. The assumed electric field is projected into
the PDP spin plane, and the angle relative to the projection of the
Sun vectoriscalculated.The projectedelectric fielddirection can then
be compared to themeasured directionscalculatedfromspinmodula-
tionmaximums in the electric field intensity (see Figure 4).

Figure 4 shows the results of this comparison at four fre-
quencies: 562, 311, [78, and 100 kHz. This figure shows the

phase angle 0 between the projected electric field and the Sun
vector as a function of time. The dots represent the modeled

electric field directions computed assuming a resonance cone

propagation scheme, while the crosses represent the measured

electric field directions. The close agreement between thecom-

puted and measured electricfielddirectionsprovides strong

confirmation that the waves are propagating near the reso-

nance cone and in the beam direction (i.e., k • % > Ok as indi-

cated in Figure 3.

EMIT'rED POWV.g

In this section we estimate the total power radiated from

the beam in the whistler mode. By comparing the radiated

power to the total power in the beam, the efficiency of the

wave-beam interaction can be estimated and compared with

various generation mechanisms. The power emitted from the

beam in the whistler mode can be estimated by integrating the

Poynting flux over a surface surrounding the beam. An in-
herent difficulty with this calculation is the determination of

the phase and magnitude of the electric and magnetic fields in

the Poynting flux, S = ExH. Since three axis measurements

are not available and since phase measurements were not

made, the Poynting vector cannot be determined directly.
Computing the Poynting flux from the electric field alone is

complicated by the fact that near the resonance cone the whis-

tler mode is quasi-electrostatic and the ratio of the electro-

magnetic to electrostatic components is an exceedingly sensi-

tive function of the wave normal angle. To compute the wave

normal angle, we assume that the radiation is produced by the

Landau resonance, i.e., co�k, = o_. Since the beam velocity is

known, this condition gives a well-defined value for the wave

normal direction. The fact that the radiation is propagating in

the same direction as the beam (k • % > O) provides a strong
indication that the Landau resonance is involved. For exam-

ple, the s = -1 cyclotron resonance produces radiation prop-

agating in the opposite direction of the beam. Also, as will be

discussed later, the Landau resonance gives the best agree-

ment with the measured electric to magnetic field ratios.
To carry out the Poynting vector calculation we note that E

lies almost entirely in the plane defined by n and the geomag-

netic field (see Figure 3). The electrostatic and electromagnetic

components of E are given by E,, cos A0 and Eo sin A0,

respectively, where A0 is the angle between E and n and Eo is

the amplitude of the total electric field. The angle A0 is deter-

mined by the Landau resonance condition and cold plasma

theory. The Landau resonance condition specifies the compo-

nent of n parallel to the geomagentic field, i.e.,

hi, = n cos 0 = c/o_ (1)

where c is the speed of light. For a I-keV electron beam

moving parallel to the magnetic field, nl, is approximately
15.9. A program was written that solves equation (1-20) of Stix

[1962] for the magnitude and directions of n and E. Equation
(1-20) of Stix is

S nz cos _ 0 iDiD S -- n zn2 cos 0 sin 0 0

where

P - n t sin z of E,

s = ½(R+ L)

=O

(2)

(3)

o = ½(R- L)

)03 -4- 7/(OJck'

,., o:)o, =-7.,o

(4)

(5)

(6)
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Fig. 4. The relative directions of the computed and measured
electric field vectors in the PDP spin plane for the 562-, 311., 178.,
and 100-kHz frequency channels. The dots represent the computed
electric field directions assuming that the wave vector is near the
resonance cone with k,% > 0, and the crosses represent measured
electric field directions. The close agreement between the measured
and modeled directions indicates that the whistler mode radiation is
propagating near the resonance cone in the same direction as the
beam.
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Fig. 5. The integration surface used to calculate the power emitted from the beam in the whistler mode. At closest
approach, the PDP passed within 3 m of the beam at a distance of about 200 m from the shuttle.
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quantities w_ and co,_ are the plasma and cyclotron fre-

for species k, while ¢_ is the sign of the charge of
k. Using this program, we can calculate n and A0 at a

particular wave frequency consistent with n_. Since A0 is now
determined, the electrostatic and electromagnetic components
of E can be calculated. The calculated A0 values are small,

typically ranging from 0.06 ° to 1.1 ° from 31.1 to 562 kHz, and

indicate that the wave is nearly electrostatic. It is easy to show
that the magnitude of the Poynting vector is given by

:m=nEO2 /_ \112 (g,
where A ffi I - cos z A0 and B ffi sin A0 cos Ae. In the deri.

ration of (8), Faraday's law, n x E ,= cB, was used to eliminate

the magnetic field in the E x H term. Consequently, [SI is

dependent only on n and E, which are well-defined quantifies.

Note that as 0 approaches the resonance cone angle, n and E

become parallel and IS[ goes to zero. This behavior near 0R, , is

similar to an expression derived by Mosier and Gurnett ['1971]
in their paper addressing Poynting flux measurements of VLF
hiss emissions.

Figure 5 shows the PDP trajectory relative to the beam. As

can be seen, the PDP trajectory was nearly perpendicular to
the beam. At closest approach, it passed within about 3 m of

the beam at a distance of roughly 200 m from the shuttle. To
compute the total radiated power, the Poynting flux is inte-

grated over an imaginary surface perpendicular to the beam

that includes the PDP trajectory. Assuming that the sampled

intensities along this trajectory are constant around an annu-

ring of the area dA, centered on the beam, we can obtain
radiated power from the beam segment by evaluating the

integral P = S SII2_R dR, where S H is the field-aligned compo-
nent of the Poynting vector and R is the perpendicular dis-
tance from the beam to the PDP. Note that the evaluation of

this integral will yield two values for the radiated power: one

value from the inbound pass where the limits of integration
extend from R==oo to R_-0 and one value from the out-

bound pass where the limits of the integration now extend
from R _ 0 to R ffi --00. Figure 6 shows the average power

spectral density from these two passes as a function of fre-

quency. The error bars shown in the figure represent the stan-
dard deviations of the power values. Note that the power

spectral density dP/df is of the order of 10 -9 W/Hz in the

frequency range extending from 30 kHz to I MHz. The total

emitted power in the 200-m beam segment from the shuttle to
the PDP is found to be P ,= 1.6 roW. On the assumption that

the power is emitted uniformly along the beam, the radiated

power per unit length, dP/dl, is approximately 8 × 10 -_ W/re.
Since the total power of the beam was 50 W, the beam con-

verted approximately 3.2 x 10 -s of its power to whistler

mode radiation in the first 200 m. If the beam dissipated

energy only via the whistler mode, the beam would only prop-

MEASUREDPOWER
t6s ....... _ .......

Fig. 6,

,69

...... i*L, 0, 0,
flHz)

The calculated power spectral density from the beam in the
whistler mode is shown as a function of frequency.
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The linear emissivity, dP/dfdI, is shown as a function of the distanc¢ L along the beam for the 362-kHz and
31l-kHzfrequencychannels.Note thattheemissivitystartstodecreaserapidlybeyond about I00m.

agate approximately 6000 km before allof the beam energy
would be convertedto radiation.

The linear emissivity of the whistler mode radiation,

dP/dfdl,from differentlocationsalong the beam can also be

calculated.To calculate the linear emissivity, a knowledge of a

signal's exact source location from the beam is required; how-

ever, by using the ray path, the source of the signal at a

particular point along the PDP trajectory can be located. The

power radiated from an infinitesimal beam radiation source,

dL is P = S Sx2nR dl, where 5. is the perpendicular compo-

nent of the Poynting vector measured at the _rpendicular

distance R from the beam and corresponds to the Poynting

flux emitted from a cylinder of radius R and length dl, sur-

rounding the beam. The linear emissivity from this source,

dP/dfdl, is then obtained by using the differential form of the

power intergai. The calculated linear emissivity of the whistler

mode waves is shown in Figure 7. Note that the emissivity

drops by a factor of 10 from 100 to 200 m along the beam.

This decrease in emissivity indicates that the efficiency of
whistler mode generation decreases with increasing distance

along the beam and that the generation mechanism is capable

of dynamic changes in tens of meters. If the emissivity contin-

ues to drop at the rate observed between 100 to 200 m, the

radiation would be undetectable by the PDP at source dis-

lances more than about I km from the shuttle. This result may

explain why Dynamics Explorer 1 (DE-I), which was magneti-

cally connected to the shuttle during a gun firing on the STS 3

mission, did not see beam-generated whistler mode radiation

in the vicinity of the streaming electrons [Inan et at., 1984].

From the SL 2 measurements it appears that strong whistler

mode emissions are probably generated only in close proxim-

ity to the source of the beam.

As mentioned earlier, the electric and magnetic field

measurements also provide further evidence that the whistler

mode waves are generated via a Landau resonance process.

This argument involves a comparison of computed and mea-

sured cB/E ratios. Assuming a specific resonance condition

and using the solution of equation (1-20) of Stix [1962], we

can compute a unique value for n and A0. Faraday's law can

then be used to obtain the relationship

n x g =. cB (9)

where E is in the electric component and B is in the magnetic

component of the whistler mode waves. For the assumed field
geometry, (9) can be rewritten as

nEosin A0 = cB o

or

C8o/E o = n sin A0 (10)

Using (10), we can compute n sin A0 for various resonance
conditions and compare this ratio with the measured cB/E

ratio. The spectrum analyzer used with the PDP search coil

can only provide measurements up to 178 kHz; therefore, the

magnetic to electric field ratio can only be obtained in the

56-kHz, lO0-kHz, and 178-kI-Iz frequency channels. Also, the

measured values of B at high frequencies using the search coil

are highly uncertain because of inaccuracies in the calibration

of the instrument. The preflight calibration was performed by

placing a calibration coil in the search coil and surrounding

the system in a /_ metal can. A problem arises at high fre- /
quencies ( > 10 kHz), where frequency dependent capacitances_lr

and inductances affect the current and the expected value of B

from the calibration coils. Unfortunately, postflight calibra-

tions under more ideal conditions (specifically, without the/a

metal can) have failed to reproduce the preflight calibrations.

Our current best estimates are that B (and cB/E) are accurate

only to within a factor of 2-4 at high frequencies. The range of

measured cB/E values lies between 1.3 and 15.3. Assuming a

Landau resonance, n sin A0 is computed to be 0.54, 0.52, and

0.54 for 56, 100, and 178 kHz, respectively. Note that these

values lie just outside the range of measured cB/E values and

fall in the range when considering the factor of 2-4 uncer-

tainty in the calibrations. For an s = + 1 cyclotron resonance,

however, n sin A0 is computed to be between 0.05 and 0.08 for

56, 100, and 178 kHz. These values are about a factor of 20

smaller than the lowest measured cB/E value. Similar com-

puted values are obtained for the s -- - 1 cyclotron resonance.

These comparisons show that the measured cB/E ratio is clos-

est to those expected for a Landau resonance.

INCOHERENT GENERATION MECRANtSMS

From the power measurements alone it is not clear whether

the beam-generated whistler mode radiation detected by the

PDP during the SL 2 mission results from a coherent or inco-

herent generation process. A coherent mechanism involves

large numbers of particles acting together to generate the

emitted waves. The total power from a coherent source goes

as N 2, where N is the number of particles in coherence_ t

Common coherent sources are plasma instabilities, lasers, an4_
radio antennas. Incoherent mechanisms involve particles that .`..=-

are radiating independently. The power from the individual

radiators must be added to get the total power emitted; thus
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Fig. 8. The power spectra from a single electron radiating via
Cerenkov processes are shown in a plasma environment similar to
that surrounding the SL 2 beam. These calculations assume the wave/
beam interaction is by a Landau resonance process and that the
particle pitch angle is 10 °. This power calculation is based on formu-
las derived by Mansfield [1967].

the total power is proportional to N, the number of radiators.

A common incoherent source is an incandescent light bulb.
This section and the next describe possible incoherent and

oherent mechanisms for generating whistler mode radiation.

One possible incoherent mechanism involves Cerenkov
radiation. Cerenkov radiation occurs when charged particles

move with velocities greater than the phase speed of the wave
in the medium. The whistler mode waves from the SL 2 elec-

tron beam are propagating near the resonance cone with large

index of refractions, typically n ,-. 30--500. The phase speed of

the wave is then much less than the speed of the l-keV elec-

tron beam. Since the beam electrons are moving faster than

the phase velocity of the whistler mode, Cerenkov radiation
should be produced.

The measured whistler mode power from the beam will now
be compared to the calculated power from Cerenkov radi-
ation, assuming that the beam electrons are incoherent radi-

ators. Our calculations are similar to those performed by Jot-

gensen [,1968] and Taylor and Shawhan [,1974], who both

calculated the power from this process and compared it to the
radiated powers from VLF hiss. Mansfield ['1967J derived an

equation that gives the power spectral density radiated from a

single electron moving through an ambient ionized gas with a

speed greater than the wave phase speed. For an incoherent
mechanism the total power radiated from the beam is the

power radiated from each electron (dP/df),, added up over all

the electrons in a given beam volume N,: (dP/df)t¢.. I =,
N,(dp/df),. Using Mansfield's formula, we can calculate the
radiated power from each beam electron,as is shown in

Figure 8.In obtainingthisresult,we assume thatthe radiation

isproduced via a Landau resonance.We alsoassume, for this

calculation,that the pitch angle of the electronsis I0° The

pitchangles varied from 0° to 20°;however, the results

relativelyinsensitiveto pitch angles in thisrange. From

ure 8 itcan be seen thatthe most intenseradiationoccurs

between theelectroncyclotronfrequency and the lower hybrid

frequencyfeaR.Outside thisrange the power drops by a factor

of 10+.Note thatthisfrequency range corresponds ratherwell

to the frequency range of the radiation observed by the PDP.
Multiplying the power from each electron by the number of

electrons in the first 200-m segment of the beam (3 × l0 I-"

particles} yields (dP/df)to.)_ 10-16 W/Hz in the frequency

range from f+ tof, mt These power spectral densities are much

lower than the measured power spectral densities, by about a

factor of l07 (compare with Figure 6, where dP/df_ 10 -9

W/Hz). Therefore an incoherent process cannot account for

the measured wave powers. Some coherent wave process must

be involved. In Taylor and Shawhan's [,1974] analyses of the
generation of VLF hiss emissions by auroral electron beams,

the calculated powers for the incoherent Cercnkov process
were found to be a factor of 102-10 _ lower than those mea-

sured, again indicating a coherent process.

COHERENT GENERATION MECHANISMS

As concluded in the previous section, some coherent process

must be involved in the whistler mode wave generation from

the SL 2 electron beam. Coherent processes can be divided
into two classes: direct and indirect. Direct mechanisms in-

volve the direct conversion of energy from an unstable particle

distribution to electromagnetic radiation, whereas indirect

mechanisms involve the intermediate generation of one or
more electrostatic modes which are coupled to the escaping

electromagnetic radiation. This section will discuss possible

direct and indirect mechanisms that may explain the whistler
mode radiation.

Since an unstable electron distribution is present in the

beam, the escaping electromagnetic radiation may result from

direct conversion of the beam energy to electromagnetic radi-
ation. Such a mechanism has been proposed by Maggs [,1976]

for the generation of auroral hiss. In his model, incoherent
Cerenkov radiation produced by an auroral electron beam is

directly amplified via a whistler mode plasma instability

within the beam. It seems reasonable that this wave gener-

ation mechanism could be applied to the whistler mode waves

emitted from the SL 2 electron beam; however, a problem
arises in doing so. Unlike auroral beams the path length for

wave growth in the SL 2 beam is very short, only 2-3 electron

cyclotron radii (6-9 m). Using the Landau resonance con-
dition and the fact that the emission is propagating near the

resonance cone, we can derive an expression for the wave-
length of the whistler mode radiation,

_. _- (V#/f) cos 0a, . (11)

which for the nominal parameters has a value of about 20m.
This wavelength is greater than the path length, which com-

pletely invalidates any mechanism involving exponential

growth. Even if that were not the case, for typical whistler
mode group velocities of 10 T m/s the amount of time the wave
spends in the beam is so short, only about 10 -6 s, that unrea-

sonably high growth rates (? > co¢ _ 10 6 s-l) would be re-

quired to generate the radiation. No whistler mode instability

is known that can produce such large growth rates from real-
istic electron distribution functions. These same conclusions

were also reached by Jones and Kellogg [,1973] in their paper

addressing the growth rates of whistler mode radiation from

artificially created electron beams.

Next we consider mechanisms involving the intermediate

generation of electrostatic waves in the beam. Any density
perturbation or bunch created by an electrostatic wave in the

beam is capable of emitting coherent Cerenkov radiation. The

radiated power from this process will have a frequency spec-

trum similar to that of a single radiating electron; however,
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the wave power will be much greater, since the emitted power

goes as N 2, where N is the number of electrons in a bunch.

Coherent Cerenkov radiation from a bunched beam has been

considered previously by Bell ['1968].

Beam-plasma instabilities are known to be capable of creat-

ing intense electrostatic waves and density perturbations in

the beam. We estimate the number of coherently hunched

electrons required to account for the observed whistler mode

radiation. The total power emitted from the electron bunches

in the beam is (dP/df),**, I = (dP/df),(AN}2_t, where (dP/df), is

the power radiated by each electron, AN is the typical number

of electrons in a bunch, and ", is the number of bunches in the

200-m segment of the beam. Beam-plasma instabilities are

known to create an electrostatic wave near the local electron

plasma frequency (3 MHz). Such an emission is, in fact, ob-

served near 3 MHz [see Gurnett et al.. 1986]. The correspond-

ing wavelength is V_fp-,-7 m, which is assumed to be the

approximate length of each bunch. This wavelength can then

be used to calculate % the number of bunches in the first 200

m of the beam. This number is :_--, 29. Since the radiated

power from the 200-m beam segment, (dP/df),,_, I, is about

10 -9 W/Hz, (dP/df). is about l0 -z9 W/Hz, and _, "-- 29, each

bunch must contain about AN _ 2 x 109 electrons in order to

account for the observed radiated power.

Next we estimate the required electric field strength for the

electrostatic wave in the beam that forms the bunches. As-

suming that the beam diameter is about 2 cyclotron radii, we

can estimate the electron number density in the bunch using

the formula,

An ffi AN/nr, 2AL (I 2)

where AL isthe bunch length and r, is the cyclotron radius (2

to 3 m]. The required number density is found to be about

An --.--I x I0 _ electrons/m _- Note that the fractional density

perturbation in the beam An�n, is only about 0.01; thus a

relatively small perturbation can account for the measured

whistler mode power. Poisson's equation can be used to deter-

mine the magnitude of the self-consistent electric field needed

to generate this density perturbation:

AE/AL ffi eAn/_. (13)

From (13) we estimate that an electric field of the order of 1-2

Wm is needed to create the required coherence in the beam

electrons.

Although the PDP did not fly directly through the beam

during free flight, when the PDP was on the remote manipu-

lator arm, it did provide measurements in the beam. During

these times, intense field-aligned electric field signals near f_

were measured with amplitudes greater than 0.3 V/m, suf-

ficiently large to saturate the receiver. This value is within a

factor of I0 of the required amplitudes needed for radiative

coherence of the beam electrons. The good agreement between

the calculated and measured electrostatic field strengths

strongly suggests that electron bunches generated by a beam-

plasma instability can account for the observed whistler mode

power.

CONCLUSIONS

Like auroral hiss the whistler mode radiation from the SL 2

electron beam was found to be propagating near the reso-

nance cone in the same direction as the beam. This conclusion

was reached by comparing the measured and modeled electric

field polarizations in the PDP spin plane. The total whistler

mode power radiated by the beam between the shuttle and the

PDP was estimated to be 1.6 roW. This represents a conver-

sion of about 3.2 x 10 -s of the beam power to whistler mode

radiation in a path length of 200 m. The linear emissivity was

also observed to decrease with increasing distance along the

beam, thereby indicating that most of the whistler mode radi-

ation is generated relatively close to the source of the beam.

The mechanism that best explains the radiated power and

frequency range of the whistler mode radiation is Cerenkov

radiation from coherently radiating electron bunches in the

beam. The bunches are most likely created by an electrostatic

instability in the beam. The estimated electric field amplitudes

required to create the bunching are consistent with the field

strength of electrostatic noise measured in the beam.

Future work includes calculating the radiated power from a

model electron beam obtained from a particle simulation. The

calculated power can then be compared to the measured whis-

tler mode power to confirm that coherent radiation from elec-

tron bunches generates the signal.
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I. ABSTRACT

As part of the Spacelab-2 mission the Plasma Diagnostics Package

(PDP)was released from the shuttle as a free flying satellite. The

PDP carried a quasi-static electric field instrument which made

differential voltage measurements between 2 floating probes. At

various times during the free flight, an electron beam was ejected

from the shuttle. Large differential voltages between the double

probes were recorded in association with the electron beam. However,

analysis indicates that these large signals are probably not caused by

ambient electric fields. Instead they can be explained by considering

three effects: shadowing of the probes from streaming electrons by

the PDP chassis, crossing of the PDP wake by the probes, and spatial

gradients in the fluxes of energetic electrons reaching the probes.

Plasma measurements on the PDP show that energetic electrons exist in

a region 20m wide and up to at least 170 m downstream from the

electron beam. At 80 or more meters downstream from the beam, the

double probe measurements show that the energetic electron flux is

opposite to the injection direction, as would be expected for a

secondary returning electron beam produced by scattering of the

primary electron beam.



I. INTRODUCTION

As part of the Spacelab-2 mission, a spacecraft called the Plasma

Diagnostics Package (PDP) was released from the shuttle to survey the

plasma environment around the orbiter. At various times, an electron

beam was ejected from the shuttle so that the effects produced in the

plasma might be studied. In this paper we report on efforts to

measure the quasi-static electric fields in the plasma with the PDP,

focusing on those times when the electron beam generator was

operating. The PDP, a scientific instrument package containing 14

instruments, was designed and constructed at the University of Iowa,

and is described by Shawhan et al. [1982]. The electron beam

generator, flown as part of the Vehicle Charging and Potential (VCAP)

experiment provided by Stanford University and Utah State University,

is described by Banks et al. [19873 . The PDP and the electron beam

generator were previously flown on the STS-3 fiight [Shawhan et al.,

1984].

Prior to the shuttle flights, a number of electron beam

experiments were performed in plasma chambers and from rockets. Using

the same PDP and the same electron beam generator later flown onboard

Spacelab-2, quasi-static electric fields of the order of a few volts/m

were measured within a few meters of the beam in a large plasma

chamber at Johnson Space Flight Center [Shawhan, 1982]. Denig [19823



4

questioned the reliability of these measurements because of the

possibility of differential charging on the measuring probes, and

because the fields seemed too large to be sustained in the given

apparatus. Kellogg et al. [1982] also reported measuring fields of a

few volts/m in a similar chamber test. Measurements of the

quasi-static electric fields have also been reported in association

with electron beams emitted from rockets in the ionosphere. In the

Polar 5 experiment, fields of the order of 0.I volts/m were detected

over I00 meters away from the beam source [Jacobsen and Maynard,

1978]. During the Echo 6 experiment, Winckler and Erickson [1986]

measured fields of the order of 0.2 volts/m at a distance of 40 meters

from the flux tube on which the beam was expected to be centered. All

the measurements mentioned here involved differential voltage

measurements on floating probes. Considering the chamber and rocket

experiments, we expected on the Spacelab-2 mission to detect fields on

the order of I volt/m associated with the electron beam.

The Spacelab-2 mission was launched into a nearly circular orbit,

of inclination 49.50 , at a nominal altitude of 325 km. The PDP was in

free flight roughly 6 hours, during which the shuttle performed 2

complete fly-arounds of the PDP. During the fly-around the shuttle

was maneuvered to regions upstream and downstream of the PDP. The

fly-around included four magnetic conjunctions in which the shuttle

was targeted to pass through the magnetic field line passing through

the PDP. The electron beam generator was operated at various times

throughout the free flight, both in a steady (DC) mode, and in a



pulsed mode. During several of these times large signals were

detected by the quasi-static electric field instrument. The purpose

of this paper is to describe the large signals associated with the

electron beamfirings and to determine the origin of these signals.
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II. INSTRUMENTATION

The PDP quasi-static electric field instrument made potential

measurements on two floating probes. These floating probes consisted

of conducting spheres mounted on insulated booms on opposite sides of

the spacecraft. The sphere-to-sphere separation was 3.89 meters, and

the diameter of the spheres was 10.2 cm. A diagram of the PDP,

showing the dimensions of the main chassis and the locations of

spherical probes 1 and 2, is presented in Figure I. Two types of

measurements were made: the differential voltage, Vdiff, between the

two probes was measured at both a high gain and a low gain, and the

average potential, rave, of the two probes relative to the PDP chassis

was measured. The following relations describe the two measurements:

Vdiff = V2 - V1

Vav e = (V 2 + Vl)/2

where V1 and V2 are respectively the potentials of sphere 1 and sphere

2 relative to the PDP chassis. Typically, the differential voltage

divided by the antenna length is interpreted as a measurement of the

electric field. The basic instrument parameters and dynamic ranges

are given in Table 1. Since the floating potential of an object in a



7

plasma is dependent on the surface materials, it is also important to

describe the surface properties of the spacecraft and spheres. The

PDPchassis was covered with a teflon-coated fiberglass cloth which in

turn was covered with an aluminum meshto provide a uniform conducting

surface. Potential measurementswere referenced to the aluminum mesh.

The spherical antenna probes were coated with a conducting

graphite-epoxy paint.

After release from the shuttle, the PDPwas madeto spin by the

action of an inertia wheel within the PDP. Whenspinning at its

maximumrate, the spacecraft had a spin period of 13.1 seconds. The

spin axis was oriented approximately perpendicular to the orbital

plane. Thus, the spacecraft velocity vector lay approximately in the

PDPspin plane.

The electron beamgenerator was mounted in the shuttle payload

bay. A beamwas produced as electrons emitted from a heated tungsten

wire filament were accelerated through a 1 kilovolt potential. The

generator operated at beamcurrents of either 50 ma or 100 ma,

producing either a steady or a pulsed beam. The beamwas pulsed at

frequencies up to 800 kHz.



III. OBSERVATIONS

During most of the free flight, the Vdiff signals were of the

order of the induced potential due to the orbital motion of the

spacecraft, [(VxB) El, where ? is the spacecraft velocity and E is a

vector pointing from sphere 2 to sphere I. These signals were

typically 0.4 and 0.8 volts. The Vav e signal was usually between zero

and a few volts positive. That is, the PDP normally floated at a

slightly lower potential than the antenna probes. The Vav e signal

also showed a periodic variation synchronous with the spacecraft spin

period. The periodic variation was found to be related to the

operation of the PDP Low Energy Proton and Electron Differential

Energy Analyzer (Lepedea) [Tribble et al., 1987]. The Lepedea

utilized a current collecting plate whose voltage jumped to +2

kilovolts every 1.6 seconds. The plate collected a large thermal

electron current, and the PDP potential decreased by several volts,

recovering to its initial value within 1.0 seconds. The Vav e signal

was spin modulated because the degree of charging of the spacecraft

was less when the Lepedea aperture faced the spacecraft wake, than

when the aperture faced the ram direction. For the Vdiff measurement,

a large negative potential on the PDP was equivalent to a large

positive common mode signal on the probes. Because of limitations in

the common mode rejection, the Vdiff signal was disturbed whenever the



PDPpotential exceeded several volts negative. The magnitude of the

instrument output due to the commonmodesignal was generally much

less than [(Vx_).E]. Thus, the common mode signal was large enough to

make the interpretation of the measurements difficult when the

difference between the Vdiff and [(VxB)._[ was small. However, for

Vdiff sigals larger than [(Vx]])._[, the common mode rejection problem

was not important.

At five times during the free flight when the electron beam

generator was operating, Vdiff signals were recorded that were

significantly larger than [(VxB)-E[. The signals for these events are

shown in Figure 2, and the events are numbered 1 through 5. At no

other times during the PDP free flight were signals this large

recorded. Of these 5 events, the beam was operated in a steady mode

for 3 events, and in a pulsed mode for 2 events. The beam injection

pitch angle varied widely among these events. Table 2 lists the beam

operation mode, injection pitch angle, beam current, and several other

important parameters regarding these 5 events.

The basic periodicity of the Ydiff signals in Figure 2 is due to

the spinning of the spacecraft. In addition to the overall variation

at the spin period, the signals have a number of unusual features.

During event I the instrument saturates. Thus, the difference voltage

on the probes is greater than 8 volts, which corresponds to an

inferred electric field strength in the spin plane greater than 2

volts/m. Event 2 has a "spiky" character, and events 3, 4, and 5 all

show a "double peak" character. At the end of event 3 (around 00:49),
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there is an apparent higher frequency structure to the signal. This

structure is associated with the pulsing of the electron beam. Note

that as long as the beam pulse frequency is much greater than the

Vdiff sample rate, then no effect of the pulsing should be apparent in

the Vdiff signal. Such is the case for event 2, where the beam was

pulsed at 1.2 kHz. However, during event 3 the beam pulse frequency

was lowered in steps from 600 Hz down to frequencies near the Vdiff

sample frequency of 20 Hz. The apparent higher frequency structure is

the result of a beating effect that occurs between the beam pulse rate

and the Ydiff sample rate.

In order to understand the origin of the large signals, the phase

angle of the spinning PDP was investigated. Arrows are plotted in

Figure 2 at the top of the graph to indicate the times when the

electric antenna was aligned with the spacecraft velocity vector.

Recall that the velocity vector lay approximately in the PDP spin

plane. Arrows are plotted in Figure 2 at the bottom of the graph to

indicate times when the antenna was aligned with the magnetic field

projected onto the spin plane. In general, the magnetic field vector

did not lie exactly in the spin plane, but made an angle of between

10 ° and 24 ° with the spin plane. The angle for each event is given in

Table 2. Inspection of Figure 2 reveals that for cases 2, 3, 4, and 5

a voltage peak occurs when the antenna is aligned with the spacecraft

velocity vector, and for cases 3, 4, and 5 a second peak occurs when

the antenna is aligned parallel to the magnetic field projected onto

the spin plane.
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Figure 3 shows the trajectory of the PDPin a plane perpendicular

to the magnetic field during all times that the electron beam

generator was operating. The direction Y indicated in the figure is
&

along the component of the velocity perpendicular to B. The origin

represents the position of the magnetic field line on which the

electron beam should be centered. The beam is assumed to lie on a

magnetic field line which intersects the electron beam generator, and

the field is determined from a multipole model of the Earth's magnetic

field. Although shown in Figure 3 only as a point, the beam will have

a cyclotron motion about the magnetic field. The injection pitch

angles are listed in Table 2. The pitch angles vary. over a large

range, but are relatively small (less than 10 °) for events 1 and 2,

and large (greater than 30 ° ) for events 3, 4 and 5. The beam also has

some spreading due to beam divergence, space charge repulsion of the

beam electrons, and beam instability. The actual width of the beam is

unknown, however previous beam experiments indicate that the cyclotron

radius of a beam electron with pitch angle 90 ° is a reasonable

approximation for the beam radius. For a 1 key electron in a magnetic

field of 0.25 - 0.5 gauss, the cyclotron radius is approximately 2-4

meters.

The trajectories during the 5 large events are shown in Figure 3

as solid segments, and the trajectories during times when the beam

generator was operating, but the measured differential voltage was

small (i.e. less than I(VxB)._I), are shown by the dashed lines.

During events 1 and 2, the length of time the electron beam generator
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was turned on was longer than the length of time large signals were

recorded, indicating that the spatial region over which large signals

occur is limited. For each of events 3, 4, and 5, large signals were

recorded for the entire period the beam generator was on. Note that

events I through 5 occur at times when the PDP was in a region

downstream of the flux tube carrying the electron beam. Except

briefly during event I, the perpendicular distance from the PDP to the

flux tube of the electron beam was much greater than the 2 to 4 meter

predicted beam radius, so that the PDP was well outside of the region

of the primary beam. Events I and 2 occur when the PDP was closest to

the flux tube of the electron beam, and are the largest in magnitude.

The average potential measurements for events I through 5 are

shown in Figure 4. The largest changes in the average potential

measurements associated with the electron beam are seen during events

1 and 2, where the average potential of the probes goes from positive

values of +2 to +4 volts to negative values of -2 to -4 volts. The

spin period variation of the signal discussed above can be seen in the

graphs for events 1 and 2 during the times before and after the large

negative excursions of the signal. During events 3, 4, and 5, the

average potential does not change by a large amount, but the smooth

spin period variation of the signal is disrupted.
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IV. INTERPRETATION

Because the determination of the quasi-static electric field with

the PDP is based on measurements of the differential voltage between

two floating probes, the results can be affected by energetic beam

electrons striking the probes. It is easily shown that a small flux

of energetic electrons may alter the floating potential of the probes

by a large amount [Fahleson, 1967]. Arnoldy and Winckler [1981]

reported a population of energetic electrons in the region around an

electron beam, causing the floating potential of the Echo 3 rocket to

become several volts negative. A similar observation was made on Echo

6 [Winckler et al. 1984]. Thus we might expect to find that the PDP

potential is affected by energetic electrons around the beam. In

fact, during each of events 1 through 5 discussed here, the Lepedea on

the PDP detected energetic electrons at energies nearly up to the beam

energy [W. R. Paterson, personal communication, 1987]. Further, data

from the PDP Langmuir probe seems to indicate that the PDP charged to

at least -4.3 volts during event 2, and to at least -7.6 volts during

event 1 [A. C. Tribble, personal communication, 1987]. Therefore

there is reason to suspect that the probes also charged. If the

charging is different for the two probes, then Vdiff/L cannot be

safely interpreted as a good measure of the electric field.

To determine the possible effect of energetic electrons on our
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measurements, we perform a simple calculation of the floating

potential. This is done by considering the balance of currents to the

object of concern (see, for example, Kasha, 1969). The possible

current sources are: I) thermal (background) electrons, 2) thermal

(background) ions swept up by the motion of the spacecraft,

3) energetic electrons (energies >> kTe), 4) energetic ions (energies

>> 5.0 eV, the ramming energy), 5) secondary electron emission_ and

6) photoelectron emission. Measurements made with the Lepedea

indicate that the current from energetic ions is much less than that

from the ramming ions [W. R. Paterson, personal communication, 1987],

so this current can be neglected. The maximum secondary electron

yields for aluminum (PDP surface material) and graphite (probe surface

material), are 1.0 secondaries/primary for 300 eV primaries [Whetten,

1985]. Thus, secondary production would reduce the negative charging

effect of the energetic electrons by some fraction. Photoemission

would also reduce the negative charging. But since we wish to obtain

a worst case estimate of the spacecraft potential, we neglect both

secondary production and photoemission. We consider then the

following current balance equation for an object at potential V < O:

AxneUsc(l - eV/Ei) Asne(kTe/2_me)l/2exp(eV/kTe) AsJ b = 0 , (1)

The first term in the above equation includes the ion current due to

the sweeping up of the ionospheric ions by the spacecraft motion plus

some effect of the attraction of ions to the negatively charged
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object. The second term is the electron current from the thermal

electrons. The third term is the current to the object due to

energetic electrons. The variables in Equation I are identified in

Table 3.

Using the representative parameters given in Table 3, Equation I

was solved numerically for various values of Jb and ne. The floating

potential was determined from Equation i for both the spherical probes

and for the PDPchassis. The current collecting area of the PDPwas

taken to be its surface area. Unfortunately, the current collecting

properties of the spacecraft body are complicated, and this estimate

is to be taken only as a rough approximation. The solution for the

floating potential as a function of the energetic electron current

density is plotted in Figure 5. Measurementsfrom the Lepedea during

beamevent I indicate that Jb was as high as 4 x 10-4 amp/m2 [W. R.

Paterson, personal communication, 1987]. The Langmuir probe

measurementsindicate that during event i, ne was of the order of
ixlO II m-3 [A. C. Tribble, personal communication, 1987]. From Figure

5 one can see that under the conditions of event 1 the PDP floating

potential could easily be lower than -I0 volts. This is consistent

with the Langmuir probe observation mentioned previously that the PDP

charged to at least -7.6 volts during event I. More importantly for

the Vdiff measurements, under the conditions of event 1 differences in

Jb on the order of 10-5 amp/m 2 lead to floating potential differences

on the probes of several volts. During events 2, 3, 4, and 5 the

Langmuir probe measurements indicate that ne was on the order of
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ixlO I0 m"3 [A. C. Tribble personnal communication, 1987]. For this

lower ambient density, Figure 5 shows that differences in Jb on the

order of 10.6 amp/m 2 lead to floating potential differences on the

probes of several volts. Figure 5 also shows that for a fixed value

of Jb' small differences in the ambient plasma density lead to

floating potential differences of several volts.

Using the differential voltage between the probes to infer

electric field values can produce erroneous-results if the two antenna

probes receive different amounts of current from any of the various

current sources. Current differences can occur if one of the probes

is shielded by the PDP chassis from a current source, or if the plasma

environment is nonuniform over the length of the antenna. During

events 2, 3, 4 and 5 the peaks in Vdiff are associated with specific

orientations of the antenna with respect to the velocity and the

magnetic field, and therefore can be primarily.attributed to shadowing

effects. Shadowing effects of this type were observed by Winckler et

al. [1984] during the Echo 6 experiment. In that experiment, large

signals at the payload spin frequency were attributed to shadowing of

one probe from a magnetic field aligned plasma flow. At the time, the

electric probes were stowed in the payload body. During events 3, 4,

and 5 the "double peak" character of the signals indicates that two

different shadowing effects are occurring. These two effects are

discussed separately below.

For events 3, 4, and 5 one finds a voltage peak, and therefore a

probable shadowing of one probe, when the antenna is aligned with the
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magnetic field projected onto the spin plane. Because the local ion

larmor radius is much larger than the PDP, a shadowing along field

lines suggests a shadowing of electrons. Weexplain the signal peak

in the following manner. For events 3, 4, and 5 the beamwas injected

in the direction of B. At the time when the antenna was aligned with

in the spin plane, the probe on the boompointing in the direction

of B was at a lower potential than the probe on the boompointing in

the direction of -B. Thus, we conclude that someenergetic electrons

are moving in the direction of -B, and one probe is shielded from

them_ So, for the three events whenthe PDPis 80 or more meters from

the beam, the energetic electrons have a preferred direction, which is

opposite to the injection direction. This explanation is consistent

with the report by the Lepedea group of a secondary electron beam in

the shuttle wake [Frank et al., 1987]. The shadowing of one probe

from electrons moving down the field lines is pictured in Figure 6a.

Consideration of Figure 6b. shows that if the angle 8 of the magnetic

field to the spacecraft spin plane is too large, then shadowing along

the field lines will not occur. The range of angles where shadowing

is possible is 8 < 20.4 o . Referring to the values of 8 listed in

Table 2, one finds that shadowing along field lines is possible for

events 2, 3, 4, and 5.

The energetic electrons moving down the field lines and charging

the probes in events 3, 4, and 5, may be attributed to reflection of

beam electrons by collisions with atmospheric neutrals, or to a beam

plasma interaction. First, consider reflection of electrons by
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collisions. Given the distance of the PDPdownstreamfrom the beam

for these events, and the spacecraft velocity, one can determine the

time of flight for the energetic electrons to be around I0 to 20 msec.

For I keV electrons, the corresponding total distance traveled is

about 200 to 400 km. For comparison, the meanfree path of electrons

for collisions with oxygen atoms can be roughly estimated by I =

I/(nn_), where nn is the atomic oxygen density and _ is the collision

cross section. Weuse a value for • of 7 x 10-16 cm2 the total

scattering cross section for I00 eV electrons measuredby Sunshine et

al. [1967]. At an altitude of 300 km, nn is approximately 108 cm"3

[Johnson, 1965], which yields a meanfree path I = 140 km. Because

the atomic oxygen density is larger at lower altitudes, _ will become

shorter at lower altitudes. Thus, for events 1 and 3 where the beam

was injected downward, it is quite reasonable that electrons reflected

by collisions with neutrals could reach the PDP. Since the atomic

oxygen density is smaller at higher altitudes, _ becomeslonger at

higher altitudes. At an altitude of 400 km, nn is approximately 107

cm-3, which yields ] = 1400 km. So for electrons injected upward, the

effective mean free path will be >> 1400 km. For events 2, 4, and 5

where the beam was injected upward, it may seem unlikely that the PDP

could be affected by reflected electrons. However, it is not

necessary that most of the beam particles be reflected. The solution

of Equation 1 showed that the measured signals are explained by

differential energetic electron currents of the order of 10 -6 amp/m 2,

and this current can result from only a small percentage of beam
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particles being reflected. An alternative explmlation for the

presence of energetic electrons is considered by Wilhelm et al.

[1985]. In the SCEX experiment, Wilhelm et al. measured energetic

electrons in the region downstream of an electron beam. They discuss

the possibility that the energetic electrons are the product of a beam

plasma interaction. Both explanations are possible, and without a

further more detailed analysis we cannot say which is correct.

A different shadowing effect occurs for events 2, 3, 4 and 5 when

the antenna is aligned with the velocity vector. Because the local

ion thermal speed is less than the spacecraft velocity, ions are swept

up by the spacecraft motion. The electron thermal velocity is much

greater than spacecraft velocity, so the electrons are not swept up.

Bowever, because quasineutrality must be maintained, both the ion and

the electron densities are reduced behind the spacecraft, forming a

plasma wake. The sweeping of the antenna through the wake as the PDP

spins is indicated in Figure 6a. Because the velocity vector lies in

the PDP spin plane as shown, the antenna always passes through the

wake region. In order to estimate the plasma density in the wake at

the location of the antenna probe, we use the self-similar solution

for the expansion of a plasma into a vacuum as shown by Samir et al.

[1983] and Singh and Schunk [1982]. In the standard treatment one

assumes initially a plasma of density NO for the region x < O, and a

vacuum for the region x > O. At time t = 0 the plasma is allowed to

expand into the vacuum region. The solution for the density at later

times is given by
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X

N : Noex p ['(o'_ + I)] (2)

where So is the ion sound speed. To obtain an estimate of the density

at the probe when the probe is in the wake, we use Equation 2 and take

for x the radius of the PDP, x = 0.53 m, and for t the time for the

ionospheric plasma to flow a distance of half of the antenna length

relative to the PDP, t = 2.5 x 10-4 sec. Assuming an electron

temperature of 0.2 eV, and assuming ions are atomic oxygen, the ion

sound speed is estimated to be about 1.4 x 103 m/s, yielding a wake

density

N = 0.08 NO (3)

This solution corresponds to the expansion of the plasma in one

direction only. The wake fills in from all directions, so we expect

the density in the wake at the location of the antenna probe to be

greater than 0.08 No, but still significantly less than NO.

Examination of Figure 5 shows that if both probes receive the same

amount of energetic electron current, but one probe is in the wake

where the density is lower, then the probe in the wake will be several

volts lower in potential than the probe upstream. This explanation is

consistent with the observed signals.

Event 1 does not lend itself to explanation in terms of probe
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shadowing, as the other events do. The angle # between the magnetic

field and the spin plane (see Table 2) is greater than 20.4 ° , so that

probes are not shadowed along field lines. Figure 2 shows that the

peaks in voltage are not consistently centered about the times the

antenna is aligned with the velocity vector or the magnetic field.

The peaks are also broader than expected if due only to a shielding

effect. Thus, the signal is due either to a gradient in the fluxes of

energetic electrons reaching the probes, or both a gradient in fluxes

of energetic electrons and an electric field. We cannot rule out the

possibility that we have measured the electric field. However,

because the entire region where the large electric field signals and

the energetic electrons are observed is only 20 meters wide (refer to

Figure 3), gradients over the antenna length are expected. As will be

discussed below, we consider it likely that the large Ydiff signal in

event I is caused mainly by a gradient in energetic electron fluxes.

In order to investigate the possible interpretation of the large

signals associated with event I, the Ydiff signals were analyzed as

follows. Due to the spacecraft rotation, the Vdiff signal varies

sinusoidally with the PDP spin period of 13.1 seconds, and we assume

that Vdiff attains peak value when the antenna is aligned with the

direction of strongest gradient in the energetic electrons. The

direction and relative magnitude of the gradient is then obtained by

using a least squares method to fit a 13.1 second segment of the Vdiff

signal to the function



22

F(t) : FI + F2cos(2rt/T - _) (4)

where T = 13.1 seconds, and F1, F 2, and _ are parameters determined by

the fit procedure. If the signal is interpreted as a measure of the

gradient of the energetic electron flux, then the constant F 2 gives

the magnitude of the gradient and _ gives the direction of the

gradient in the spin plane. We do not expect the energetic electron

flux to vary much along the direction of _, so we assume that the

gradient lies in the plane perpendicular to _ and that we have

measured the component of the gradient projected onto the PDP spin

plane. Using this assumption, the magnitude of the gradient vector in

the plane perpendicular to _ was determined. In order to establish a

"goodness of fit" of the curve fit performed for each measurement, the

following test variable was calculated:

X : [_(F(ti) - xi)2/(N- 3)]1/2/F2 (5)

where xi is the Vdiff signal at time ti, and N is the number of sample

points used in one curve fit. Measurements were retained if X < 0.25,

corresponding roughly to 25% error.

The vectors obtained by the above analysis are shown in Figure 7.

The vectors are plotted along the trajectory of the PDP relative to

the electron beam where the coordinate directions are the same as in

Figure 3. The Vdiff signals first becomes larger than ](VxB).E], and

the gradient in the energetic electron flux first becomes significant,
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when the PDPis about I0 meters awayfrom a line extending directly

downstreamfrom the center of the beam. The Ydiff signal, and thus

the gradient in the electron flux, becomelarger as the PDPgets

closer to this line. The gradient vectors tend to point toward the

line. The indicated picture is that of a region of energetic

electrons downstreamfrom the primary electron beam. The region is

not homogeneous but rather the electron flux is peaked along the line

extending directly downstream from the primary beam.

The presence of a gradient in energetic electron flux can account

for the large magnitude (larger than 8 volts) of the Ydiff signals

during event I. If the magnitude of the gradient in Jb is estimated

from the Lepedea measurements, then the Vdiff signal that would result

from such a gradient can be estimated. As stated previously, the

Lepedea measured a peak value of Jb of about 4 x 10.4 amp/m 2. We

assume that the flux of energetic electrons is peaked on a line

extending directly downstream from the center of the beam, and is

symmetric about that line. Since the region where large signals are

detected is about 20 meters wide, the spatial gradient AJb/AX is

approximately (4 x 10.4 amp/m2)/(lOm) = 4 x 10.5 amp/m. The resulting

Ydiff can be estimated by:

Vdiff = (AJb/AX)(AV/AJb) (LsinS) (6)

where the quantity AV/AJ b must be determined from Figure 5, L is the

antenna length, and O is the angle of _ to the spin plane. For ne =
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Ix10 II m-3 and Jb > 4xi0-5 amp/m2' &V/_Jb is -l.6xlO 5 volts/amp/m 2.

The antenna length is 3.89m (see Table I) and 8 is about 23 ° (see

Table 2). Using equation 4 with the given values, we obtain Vdiff

9.7 volts. Thus, a gradient in the energetic electron flux of the

magnitude indicated by the Lepedea measurements could easily produce

the Vdiff signals recorded during event I.

Analysis of all 5 events suggests that energetic electrons are

found in a region about 20 meters wide extending up to 170 meters

downstream from the injected electron beam. Consideration of event I

indicates that very close to the beam, there is a large spatial

gradient in the energetic electron flux: the flux increases as one

approaches the line extending directly downstream from the center of

the beam. We expect that the energetic electron flux is Symmetric

about this line. For events 3, 4, and 5, in which the PDP was 80 or

more meters away from the beam, the signals are explained by the

presence of energetic electrons having a preferential direction of

motion along the magnetic field line, but in a direction opposite to

the beam injection.

Although the main features of the Ydiff signals during events i

through 5 are understood in terms of the discussion given above, some

features remain unexplained. For example, the voltage peaks during

event 4 are bumps on a signal that is otherwise sinusoidal. The peaks

in event 4 are explained by alignment of the antenna with the magnetic

field or with the velocity vector in the presence of energetic

electrons. However, the Vdiff signal for event 4 shown in Figure 2
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would also provide a reasonably good fit to the function in Equation

4. Yet, since the shadowing effects are apparent in the measurements,

a fit of the s_gnal to Equation 4 would be difficult to interpret. It

is not clear why event 4 has a more sinusoidal character than events 3

or 5. Similarly, the large peaks in the signal during event 2 can be

attributed to alignment of the antenna with the velocity vector in the

presence of energetic electrons, but the signal remains > l(?x_)._l

whenthe probes are not in the spacecraft wake.

Finally, we consider the average potential measurements. The

measurementsshow that during periods of no beamoperation, the

average probe floating potential was several volts higher than the PDP

chassis floating potential. The solution of Equation 1 (see Figure 5)

indicates that the probes should float to a potential which is much

less than a volt higher than the PDPpotential. During events I and 2

the average probe floating potential becamelower than the PDP

potential. The solution of Equation i indicates that the average

probe floating potential should always be higher than the PDPchassis

potential. The reasons for these discrepancies are not clear.

However, we speculate that explanation involves the properties of the

PDPsurface materials. In solving Equation I for the PDPpotential,

we assumedthe PDPto have a uniformly conducting surface. However

the potential of the aluminum meshon the PDPsurface may be

influenced by the fiberglass cloth which underlies it. The fiberglass

cloth may be charging to a different potential than the aluminum mesh.

Eatz and Davis [1987] analyze someof the effects of the fiberglass
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cloth-aluminum mesharrangement for the situation of the PDP attached

to the shuttle. The ultimate effect on the mesh potential for the PDP

in free flight is uncertain.
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V. CONCLUSIONS

Our conclusion from this analysis is that the large signals

measured by the PDP quasi-static electric field instrument during

electron beam operation can primarily be attributed to three causes.

First, at times when the electric antenna is aligned with the

projection of the magnetic field into the spin plane, the spacecraft

body shields one probe from energetic electrons moving along the

magnetic field lines. The two probes receive different amounts of

electron current, thereby causing large signals. Second, at times

when energetic electrons are reaching both probes, but one probe is in

the PDP wake, the wake produces asymmetries in the plasma density at

the two probes, thereby causing large signals. Finally, spatial

gradients in the energetic electron fluxes between the two antenna

probes produce differences in the energetic electron current to the

two probes, thereby causing large signals. When the electron beam

generator is operating, energetic electrons are found in a region

about 20 meters wide and up to 170 meters downstream from the injected

electron beam. Because the region is so narrow, the spatial gradients

are significant even over the length of the PDP antenna. For events

80 or more meters away from the beam, the electric field results are

explained by the presence of energetic electrons having a preferential

motion back down the magnetic field line on which the beam was
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injected.

On the Spacelab-2 mission, it was demonstrated that with the

shuttle it is possible to carry out detailed studies of electron beam

effects under carefully controlled conditions. Thus, it should be

possible to obtain a good map of the electric field near an electron

beam. However, our experience indicates that double probe floating

potential measurements are not reliable in the region near the beam.

The floating potential of an object in a region with substantial

fluxes of energetic electrons can be many times kTe/e more negative

than the plasma potential, h small difference in energetic electron

current collected by each probe of a double probe system can then lead

to differential voltages much higher than those due to any electric

field in the plasma. Reliable potential measurements probably will

require biased probes, such as described by Fahleson [1965], or

emissive probes such as described by Bettinger [1965]. These active

potential measurements are not as sensitive to energetic electrons.

An example of a biased probe system is found on the ISEE-1 spacecraft

[Mozer et al., 1978]. In general though, active potential

measurements have not been widely used because of the appealing

simplicity of floating potential measurements. However, for future

spacecraft electron beam experiments, active instead of passive

potential measurements will probably have to be considered.
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FIGURE CAPTIONS

Figure I.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

The Plasma Diagnostics Package. Dimensions are given in

meters.

Large differential voltage signals associated with times

of the electron beam generator operation. Arrows at the

top indicate times the antenna was aligned with the

spacecraft velocity vector. Arrows at the bottom

indicate times the antenna was aligned with the magnetic

field.

Dashed lines indicate the trajectory of PDP in the plane

perpendicular to _ during times of electron beam

generator operation. The trajectories for events 1

through 5 are shown as solid segments. The origin

represents the position of the magnetic field line on

which the beam lies. V is the component of velocity

perpendicular to _.

Average potential measurements during times when large

differential voltage signals were detected.

Solution of Equation 1 using values from Table 3. Model

of floating potential as a function of energetic

electron current. Antenna probe and PDP chassis have
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Figure 6a.

Figure 6b.

Figure 7.

different floating potentials because of their different

current collecting surface areas.

The PDP with the spin plane corresponding to the plane

of the page. Energetic electrons move along the field

lines. As the PDP spins, the antenna periodically

becomes aligned with the magnetic field, and one probe

is shielded from the electron flux. The probe also

passes through the PDP wake.

The PDP viewed with the spin axis in the plane of the

page. The angle 0 of the magnetic field to the spin

plane is shown. If 0 is small, then particles moving

along field lines can be shadowed from one probe.

Vectors showing the gradient in energetic electron flux

along the trajectory of the PDP during event 1. Note

that the beam will have a finite width, and the location

of the beam center shown is accurate only to within a

few meters.
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TABLE1. INSTRUMENTPARAMETERS AND DYNAI_iIC RANGES

Electric field high gain range

Electric field high gain precision

Electric field low gain range

Electric field low gain precision

Electric field sample rate

Average potential range

Average potential sample interval

Spherical probe separation

Spherical probe diameter

± 0.064 volts/m

* 0.51 millivolts/m

± 2.0 volts/m

± 0.017 volts/m

20.0 samples/second

± 8.0 volts

1.6 seconds/sample

3.89 meters

10.2 cm
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TABLE 2. BEAM PARAMETERS, SUNLIGHT CONDITIONS, PDP ORIENTATION

Distance from 206m 218m 93m 90m 235m
PDP to shuttle

Distance from PDP
to Flux Tube of
Beam

26-3m 9-40m 87m 84m 143m

- Angle of BSpin Plane
.4 °

22.90 15.40 15.10 10.8_ 15 60-23.60 -15.7 ° -19 40 -12.1 ° -16

Day/Night day night night night night
-sunrise -sunrise

Beam Current 50 ma 100 ma 100 ma 100 ma 100 ma

Beam Injection
Direction

down up down up up

Beam Injection
Pitch Angle

<7.50 2.4°-100 540_700 680.690 380_450

Beam Mode DC 1.2 kHz 54s DC DC

l15s pulsed

600 Hz stepped
down to 10 Hz

DC
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TABLE 3. PARAMETERS USED IN EVALUATION OF EQUATION 1

Usc spacecraft velocity

h cross sectional area for ion collection: PDP
x

probe

As total surface area: PDP

probe

Ei ion energy in spacecraft reference frame

Te electron temperature

ne plasma density

Jb current density of energetic electrons

7.8x103 m/s

0.869 m2

-3 2
8.11xlO m

2
4.52 m

3.24x10 -2 m2

5.08 eV

0.2 eV

5.0xlO 11 m-3

0-5.5x10 -4 amp/m 2
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ABSTRACT

During the Spacelab-2 mission, a spacecraft called the

Plasma Diagnostics Package (PDP) was released from the

space shuttle to investigate the surrounding plasma

environment. During an interval when the shuttle and PDP

were magnetically connected, a continuous 1 keV-50 mA

electron beam was ejected along a field line from an

electron generator onboard the shuttle. As the PDP flew by

the beam, the PDP plasma wave instrument detected intense

whistler-mode radiation originating from the beam. It is

believed that coherent Cerenkov radiation from bunches of

beam electrons is responsible for the whistler-mode

radiation, where an electrostatic beam-plasma instability

forms the coherently radiating bunches. In this paper, a

detailed model of the coherent Cerenkov emission process is

presented. A one-dimensional computer simulation of the

beam is used to model the expected phase-space structure of

the electrons, and power emitted from Cerenkov radiation is

computed using an analytical expression. The calculated

power from the modeled _00-meter beam segment is -5 x 10 -8

W/Hz which can easily account for the measured whistler-

mode wave power. The inclusion of coherent effects in the



beam increases the wave powers by nearly 90 dB above

incoherent power levels. These calculations demonstrate

that a spontaneous emission process, alone, can account for

the observed whistler-mode wave powers.
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I. INTRODUCTION

During the Spacelab-2 (SL-2) mission, intense whistler-

mode radiation from an electron beam ejected from the space

shuttle was detected by radio receivers onboard the Plasma

Diagnostics Package (PDP) which was in free-flight around

the shuttle (Gurnett et al., 1986). Simple calculations

have indicated that coherent Cerenkov radiation emitted by

bunches of beam electrons may produce such whistler-mode

signals (Bell, 1968; Farrell et al., 1988), with the

bunches being formed by a beam-plasma instability. This

paper presents a detailed model of this wave generation

process, including a determination of the expected radiated

power.

In July of 1985, the space shuttle carried the SL-2

payload into the upper ionosphere. One of the experiments

onboard was the University of Iowa's Plasma Diagnostics

Package, which contained ten experiments designed to study

the plasma environment around the shuttle orbiter. Another

experiment, the Vehicle Charging and Potential experiment

(VCAP), also flew on the mission to study the charging and

potential of the shuttle. Part of this package included a
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Fast Pulsed Electron Generator (FPEG) designed to eject a 1

keV-50 mA electron beam.

The PDP was released from the shuttle for a six-hour

period on August 1, 1985, to investigate the plasma

environment in an extended region around the shuttle. At

specific times, the PDP intersected geomagnetic field lines

that connected to the shuttle orbiter. These times are

known as magnetic conjunction. During one magnetic

conjunction event, the FPEG, located in the shuttle cargo

bay, continuously ejected a 1 keV-50 mA electron beam with

a pitch angle that varied from 0 ° to 20 °. The PDP, located

200 meters from the shuttle, passed within 6 meters of the

magnetic flux tube containing the beam. During this

magnetic conjunction, the PDP plasma wave instrument

detected intense whistler-mode radiation. Figure 1

displays a frequency-versus-time spectrogram from the PDP

plasma wave instrument during the 1 keV-50 mA beam ejection

(3:30 to 3:37 tiT). The whistler-mode emission is the

funnel-shaped structure extending in frequency from about

30 kHz to about i MHz.

The whistler-mode emission observed during the beam

firing has been the subject of two studies (Gurnett et al.,

1986, and Farrell et al., 1988). Evidence presented in

both studies indicates that the emission is quasi-

electrostatic and is propagating with wave normals near the
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resonance cone. The emission is also believed to be

generated by a Landau resonance interaction, since its

index of refraction values are near those expected for such

an interaction (Farrell et al., 1988) and k'vb > 0

(Gurnett et al., 1986). The radiated whistler-mode power

from the first 200 meters of the beam was calculated by

integrating the Pointing flux through a surface that

contained the PDP trajectory (Farrell et al., 1988). The

resulting power spectrum is displayed in Figure 2. Note

that the power spectral density, dP/df, is about _i0-9 W/Hz.

The total power radiated in the whistler-mode from the 200-

meter beam segment has been estimated to be 1.6 mW, which

corresponds to a linear emissivity of about 8 x i0-6 W/m.

Since the total power in the beam is 50 watts, the beam

converted only 3.2 x 10-5 of its power to whistler-mode

radiation in the first 200 meters of its trajectory.

Due to the low efficiency of converting beam power to

wave power, incoherent Cerenkov radiation from the beam

electrons was initially considered as the source of the

emission. However, the estimated power from this radiation

process is 107 times smaller than those detected (Farrell

et al., 1988). In reality, the beam cannot be considered

an incoherent radiator since a beam-plasma instability is

operating in the beam forming quasi-periodically spaced

density perturbations or "bunches" which can radiate



coherently. Therefore, an emission process involving

coherent Cerenkov radiation from these bunches was

considered (Farrell et al., 1988). Strong instability-

related electrostatic turbulence near the local plasma

frequency, fpe, was detected in the beam by the PDP plasma

wave instrument. These waves interact with the beam and

form the "bunches" which can spontaneously emit powerful

Cerenkov radiation due to the increased coherence of the

beam electrons. The Cerenkov radiation emitted from these

coherent structures is then detected by the PDP plasma wave

receiver as the whistler-mode radiation. As demonstrated

previously (Farrell et al., 1988), the frequency range of

the emitted Cerenkov radiation closely corresponds to that

of the detected whistler-mode radiation and the bunching

may create enough coherence among the beam electrons to

yield the measured wave powers.

In this paper, we will present a model of the coherent

Cerenkov radiation from a bunched electron beam like that

on the SL-2 experiment. We note that there are other

possible mechanisms for generating the whistler-mode

radiation, such as a whistler-mode instability in the beam

(Lin and Wong, 1988) or some nonlinear mode conversion

process. However, we will only consider the coherent

Cerenkov radiation model and attempt to demonstrate that



this process alone can account for the measured wave

powers. In Section II, an expression is derived that

describes the coherent Cerenkov radiated power from a

field-aligned electron beam. This expression will be

applied to a model of the SL-2 electron beam obtained from

a one-dimensional particle simulation, the results of which

are outlined in Section III. In Section IV, the power from

the modeled beam is calculated and compared to the measured

power in the whistler-mode from the actual SL-2 electron

beam.
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II. EXPRESSION FOR THE RADIATED POWER

In this section an expression is derived for the power

emitted from an electron beam by a coherent Cerenkov

radiation process. The derivation presented here is

similar to that of Mansfield's (1967), who calculated the

radiated power from a single test particle in a plasma

medium using'the Fourier transforms of the source current

and radiated electric field. Using a similar analytical

technique, Harker and Banks (1983) derived an expression

for the power radiated from a pulsed electron beam in a

plasma medium which included coherent effects between the

radiating electrons in the pulses. In their derivation, it

was assumed that all beam electrons travelled with the same

velocity, _, in pulses of length, F, with a distance, d,

separating each pulse and that the pulsing is imposed by

the generator that produces the beam. Compared to the

incoherently-radiated power from a beam, the inclusion of

coherent effects between radiating beam electrons in a

pulse leads to much higher powers. The calculations

performed in our analysis are similar to theirs, except

that we are now considering the radiation from an initially

continuous beam that becomes modulated or "bunched" due to

the beam-plasma instability.
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In the derivation of the radiated power presented here,

it is assumed that the beam is a line source radiator of

electromagnetic waves. This assumption is valid since the

whistler-mode wavelength, hem , is on the order of 20 meters

and is several times greater than the beam diameter, d,

which is at most 2 cyclotron radii or about 6 meters

(Farrell et al., 1988). It is also assumed that the beam

electrons only act as test particles and do not signifi-

cantly alter the plasma medium. In this case, the medium

is represented by a homogeneous, cold, collisionless plasma

in a static magnetic field, and terms in the dielectric

tensor, _, describing the beam are not included. In

reality, the I keV-50 mA electron beam ejected from the

shuttle was initially overdense (nb> na); but, as

indicated in pictures of beams (Sasaki et al., 1986; Banks

et al., 1987) and in beam simulations (Winglee and

Pritchett, 1987), the beam tends to expand quickly and

become underdense (nb< .i hA), and it is in the underdense

region where the test particle assumption can be considered

valid. According to the simulations of Winglee and

Pri_chett (1987), the beam becomes underdense within the

first 100 AD of the injection point.

We write the equation for a wave in a cold plasma

including the external current source, Jq(k,_) as
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m

i Jq(k,co) 41)
T'E(k,co) =

60Eo

w w _ m _ w

where T'E(k,co) = n x n x E(k,co) + K-E(k,co) and K is the

cold plasma dielectric tensor. The form of the dielectric

tensor used here can be found in Mansfield 41967). The

electric field, E(r,t), is obtained by taking the inverse

Fourier transform of E(k,co),

E(_ t) - 1 ff __10_q(_,co)_i(ot-k.r)d_ dCO
' Co CO

(2)

The current density can be expressed in a generalized

form for a line source as

_qq(r,t) - (_ Jx(x,t) + _ Jy(y,t) + _ Jz(z,t)) (3)

8(x - R c cos Coot) 8(y - R c sin coot)

where the beam displacement is

r = _ R c cos Coot + b Rc sin Coot + _ z
(4)

and R c and Coc are the cyclotron radius and frequency,

respectively. The Fourier transform of this current is
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r-- t
1 _ Jq(_,t) e )dr dt

(2n) _

_ i

- (2n) K f (_ Jx(X,t) + _ Jy(y,t) + _ Jz(Z,t)) (5)

ei(kzz-_t)[eikxRcC°S _ct][_ kyRcsin_ct ]dz dt

The exponential factors in the brackets can be reexpressed

as

i kx Rc cos ec t ® -iS_ct
e = 2 Js(kx R c) e

S_--_

and

i ky R c sin ec t ® iS'ect
e ffi E Js,(ky R c) e (6)

Sl------_

where Js is the s-order Bessel function. Inserting these

into (5) yields the following expression for the

transformed current:

=
I

(2n) K f (i Jx(x,t) + _ Jy(y,t) + z Jz(Z,t))

i(kzZ-et)
e

S=--_ S =--_

dz dt • (7)
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During the SL-2 beam firing, the beam pitch angle was

at most 20 ° , and for a three-minute period, from 3:32:30 to

3:35:30 UT, was less than 10 °. As a consequence, V! >> V±

which implies that Jz(Z,t) >> Jx(x,t) and Jy(y,t). Also,

R c = V±/_= << hem and, therefore, the factors in the

brackets in (7) are near unity. Equation (7) then becomes

)ei(kzz _t
]q(_,e) = (2n); ff Jz(Z,t - )dz dt . (8)

Consider a group of particles ejected from a particle

generator. Ideally, if all the particles are moving at the

same velocity, Vs, a simple transformation can be made to a

frame moving with the particles, z' = z - Vst. In this

frame, the current density does not depend explicitly on

time,

Jz(z,t) = jz(Z') (9)

and, consequently, the beam particles appear stationary.

In order to solve the time integral in (B), a

transformation to z' is made where the current density is

considered time independent. In reality, it is not

expected that all particles have identical velocities

(i.e., they may have a spread AV about Vs) and the validity
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of the power expression derived assuming (9) must be

established for the particular case in question.

Assuming that a transformation can be made to a frame

where (9) is valid, expression (8) becomes

= _ oD , eikzz, , (kzVs__)td t
Jq(k'co) (--2_)4 _®f Jz(z ) dz f®eI_®

(I0)

The quantity 7 Jz(z') eikzz' dz' = _/_n Jz(kz) where Jz(kz)

is the Fourier transform of J(z'). Using the definition of

the delta function, f ei(kzVs - _)t dt = 2. 8(kzVs - _),

and the fact that kz =nco cos 81c, (i0) is now

Jq(k,co) (2n)3(_/2-n Jz(kz))8(nco cos 0[3 - co) (Ii)

where _ = Vs/c.

In order to determine the radiated electric field, (11)

is substituted into (2) to obtain:

= 1 ff(T_l.z)(_/2-n- jz(kz))8(nco cos 813) _ co)

(2n )3zo

ei(_ - K'r-') dl[ dco

CO

(12)

Knowing the electric field and source current, an

expression for the radiated power can now be found:
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P(t) - f ECr)'J(r)dr

1

( 2 _ )2e o

8(nco cos Ol] -a_ )e i(_-n_ cos e_)tn2a_2dn sinO dO da_

(13)

If(_'_-l-_)[ (2n)Jz(kz(n,e))Jz*(kz(n,O)) ]

where n2 (_3/c3) dn sin eded_ has been substituted for the

element dk and the trivial integration over _ has been

performed. Integrating over e, an integral of the form

I = ff(x)8(Ax - B)dx = f(x°)
A

must be solved, where A = In _ _[, B = _ and Xo = cos eo =

I/n_. It should be noted that to obtain a nonzero solution

to the integral, the condition cos 8o = i/n_ must be

satisfied_ which is the Landau resonance condition. Upon

evaluating the integral the radiated power becomes

P(t)=
-i

( 2n ) 2eoC3 |]
ff(_._-l._) [ (2n)Jz(kz(n,eo))

J_(k (n,8))]Inll_Idnde
z m o

(14)

From Mansfield, the quantity (_.T-I ._) is



16

(_.'_-i._) = T33(n)
(15)

where

T33= _ - _#- _I'=2+ (n4 - _n2)coS20o , (16)

2
nl,2 = [-B+(B2 - 4CeI)I/2]/2_i , (17)

and

Vs
(19)

Using the Plemelj formula, the complex integration over

dn is performed to yield the final expression for the

radiated power:
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P(t) - _ - f® (
m_

a_ dc_ 1 2
) E

8  o 1C2V, (n2 k:l

[2_Jz(kz(nk,eo))Jz*Ckz(nk,eo))]

T33(nk )

(20)

Note that the radiated power is proportional to the

square of the Fourier transform of the current density.

This result is similar to that obtained by Harker and Banks

(1983), who found that the radiated power varies as the

square of the transform of the current pulses. Once the

current density and its transform are known, it can be used

in Equation (20) to easily calculate the radiated power.

We will use a modeled beam to obtain the beam current,

Jz(z,t), since the available plasma instruments flown on

the PDP cannot directly measure the electron bunching which

occurs on time scales of 1/_pe ~ 10-7 seconds. The results

of the beam simulation are presented in the next section.
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III. A ONE-DIMENSIONAL ELECTROSTATIC SIMULATION

OF THE SL-2 ELECTRON BEAM

To obtain the required beam current, a one-dimensional

electrostatic model of an electron beam propagating through

an ambient plasma is simulated on a computer. A one-

dimensional beam model was chosen since the length scales

being considered are very long, about 200 meters (many

thousand Debye lengths), and cannot be reasonably modeled

using a two- or three-dimensional system due to the

practical limits on computer CPU time. In the one-

dimensional model, it is assumed that the velocity of the

particles is directed along a static magnetic field line,

which allows the particle trajectories to be unaffected by

this field. Since the SL-2 electron beam was nearly field-

aligned during injection, this assumption is acceptable.

In this analysis, we also assume that the magnitude of the

electric field of the generated Cerenkov radiation is much

smaller than that of the electrostatic wave generated

within the beam, EES > ERAD. This assumption implies that

the radiated electric field did not significantly alter the

SL-2 beam electron trajectories, and is consistent with the

modeling of the beam where radiation field effects are
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neglected. This assumption is also consistent with

observations made during the SL-2 experiment, where EES

.3 V/m in the beam while ERAD ~ 10-3 V/m for the whistler-

mode waves.

The simulation is designed so that initially the system

is charge neutral. The particles representing the ambient

electrons can move freely; however_ they are confined to

the system by re-injection boundaries. Ambient electrons

leaving the system at these boundaries are re-injected with

a Gaussian-weighted velocity between zero and the electron

thermal speed. The electron beam is represented by

particles of negative charge that are injected into the

system at the z _ 0 boundary with velocities greater than

the ambient electron thermal speed. In order to keep the

net charge in the system equal to zero, a positive charge

equal in magnitude to the amount of negative beam charge in

the system is placed at the z = 0 boundary. This boundary

charge draws a return flow of ambient electrons which, for

low beam flux (nbVbA < nAVAA)_ is sufficient to keep the

boundary almost completely neutralized.

In a one-dimensional simulation_ the particles are

charged sheets of infinite extent in the transverse

direction, and of finite thickness (-- _D) along the

direction being modeled. Consequently, the modeled beam

has an infinite cross-section. This infinite cross-section
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model, however, is contrary to the true SL-2 electron beam,

which had a cross-sectional radius of no more than six

meters (Farrell et al., 1988). Assuming such a model

ignores finite radius electrostatic effects associated with

the SL-2 electron beam and is only justified if the

wavelength of the longitudinal electrostatic mode, AES, is

less than the SL-2 electron beam diameter, d, which is not

the case. Therefore, we must demonstrate that the

electrostatic nature of a finite radius beam, like the SL-2

electron beam, is not significantly different from an

infinite radius beam. To show this, a comparison will be

made between our one-dimensional beam model and a two-

dimensional radially finite beam model (Winglee and

Pritchett, 1987) to verify that finite radius effects are

insignificant.

Figure 3 displays a beam phase space configuration

from Winglee and Pritchett's (1987) two-dimensional

simulation of a radially finite beam. In their model, an

initially overdense beam is injected into a model

ionosphere, with the ratio of the beam density to ambient

density, nb/nA, equal to 4 and beam velocity to ambient

thermal velocity, Vb/VTH, equal to 20. Both ratios used in

the simulation are representative of the conditions during

SL-2 electron beam injections. From this figure we see

that the beam can freely propagate from the injection
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boundary (located at x/A = 125). In this case, the

spacecraft charging potential at the injection boundary is

much less than the initial beam energy, _ < =!meVb2 , and

will allow the beam to escape from the near injection

region. This low spacecraft potential is consistent with

potential measurements made during the SL-2 mission where

the shuttle obtained only a 40 volt potential during

ejections of a l-keV electron beam (Williamson et al.,

1985; Hawkins et al., 1987). According to Winglee and

Pritchett, the simulated beam expands radially from the

initial injection radius of 2 _D out to 7 - 13 _D in its

first i00 AD of propagation due to the Coulomb repulsion of

the electrons in the beam. After the beam has exPanded , it

is underdense, with nb< hA, and the interaction of the

beam with the ambient ionosphere is typical of underdense

beams modeled in one-dimensional simulations (Okuda et al.,

1987; Okuda and Kan, 1987; Winglee et al., 1987). As seen

in the figure, the classic particle trapping structures

created in this beam are very similar to those obtained in

the one-dimensional simulations referenced above, thereby

indicating that finite radius effects are not altering the

beam structure significantly.

Due to the limitations of a one-dimensional simulation,

we will not self-consistently model the spacecraft charging
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and expansion region of the beam as was done by Winglee and

Pritchett; but instead, will model the beam after it has

already propagated I00 AD through the expansion region.

The modeling of the beam will start at point A labeled in

Figure 3, where the beam is considered underdense and still

relatively cold.

Figure 4(a), (b), and (c) displays the beam phase space

configuration from our one-dimensional simulation after 50,

i00 and 840 _pe -I, respectively. In this model, rib/hA =

1/16, VB/VTH = 20 and the beam is initially cold at z = 0.

Each unit of distance represents 2_ D or about i0 cm; thus,

Figure 4(c) displays the beam phase space configuration for

a 200 meter beam segment. The simulation was run for 840

plasma periods to allow the transient front edge of the

beam to leave the system. Consequently, the model

displayed in Figure 4(c) represents the steady state beam.

Note from the figures that the wave-particle trapping

structures are similar to those of the two-dimensional beam

displayed in Figure 3, implying that both are undergoing

similar electrostatic interactions. Also note that the

beam phase space configuration appears very similar to

those modeled by Okuda et al. (1987), who performed a one-

dimensional simulation similar to the one presented here.

Figure 5(a), (b), and (c) displays the number of beam
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particles

those in Figure 4.

beam is undergoing

ionospheric medium.

as a function of z at times corresponding to

Note from both Figures 4 and 5 that the

strong interactions with the background

In the first i00 meters (z = 0 to

i000), the beam-plasma instability is creating the classic

trapping structures associated with such instabilities,

which gives rise to significant perturbations in the

density. Beyond i00 meters (z > i000), the beam is

strongly thermalized, with the beam particles becoming

randomized in phase space due to the wave-particle

interactions. Such randomization of the particles

signifies the transfer of free energy from the beam to the

electrostatic turbulence. Even though the beam becomes

randomized, some significant density fluctuations are still

present out past I00 meters (z > i000), as indicated in

Figure 5(c).

According to expression (20), the current density of

the beam is needed to obtain the radiated power. Figure

6(a) displays the beam current density, Jz(z,t = 840 _pe -I)

in the 200-meter beam segment. Note from the figure that

current density perturbations are clearly evident in the

beam. It is the radiative coherence within and between

these perturbations that yield significant wave powers,

since the randomized background beam component only
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contributes to the incoherent power level. Figure 6(b)

displays the Fourier transform of the current, Jz(kz), as a

function of kz. The resulting transform appears as a

white-noise type k-spectra for kz > 20; however, for kz <

20, Jz(kz) appears to increase as kz decreases. The white-

noise type k-spectra found in kz > 20 results from the

randomized component of the electrons in the computer

model. Although not feasible, if electrons with real mass

and charge had been modeled, this noise would be

significantly reduced. The average noise level was

obtained by calculating the arithmetic average of the

Jz(kz) values between 23.6 and 31.4. This level is

represented by the dotted line in Figure 6(b). The

increase in Jz(kz) found at kz < 20 results from wave-

particle interactions within the beam that create current

density perturbations or "bunches." If bunching had not

occurred, the simulated beam electrons would be completely

randomized in phase space and the resulting values of

Jz(kz) would appear as white-noise at all kz values.



25

IV. THE RADIATED POWER FROM A MODEL OF THE

SL-2 ELECTRON BEAM

Equation (20) will now be applied to the simulated SL-2

electron beam discussed in the last section. In applying

this expression to waves propagating in the SL-2 electron

beam environment, some further approximations can be made.

Specifically, in the frequency range of consideration,

nl > n2, nl = n where n is the whistler-mode index of

refraction obtained from cold plasma theory and T33(nl) =

103 T33(n2). Also, based on arguments of the typical

density structure size in the beam, Jz(kz(n2,80)) >

Jz(kz(nl,8o)). Consequently, the k=2 term in the summation

of Equation (20) is very small and can be neglected. The

radiated power can then be expressed as

PCt)= = r [ -I Jd I ]2nJ z (k'z)Jz*Ck'z)T33( n I)

(21)

where kz' = n cos 8o_/C. Note that nl > n2 which makes the

term in brackets positive for the frequency range consider-

ed. To derive (21), it was assumed that a frame of refer-

ence exists where the current density is time independent

and, thus, all current density perturbations propagate
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at the same speed, V s. In this case, the transform of the

current density is properly represented by Equation (11),

where the delta function specifies the propagation speed,

Vs, of the perturbations. In reality, however, all the

perturbations may not be propagating at the same speed; and

the validity of using Equation (21) to estimate the coher-

ent radiated power must be established. Consider a more

realistic case where the density perturbations propagate

with a speed V ± _V, where _V represents a velocity spread

of the perturbations. In this case, the delta function in

Equation (11) should be replaced by a function that

approximates this spread in velocity, such as a Gaussian

function. As demonstrated in the Appendix, as long as this

spread is not too great, the values of the radiated power

are not significantly different from those obtained from

perturbations all moving at identical velocities.

The velocity of the perturbations, Vs, must be

determined in order to obtain a solution to (21). This

velocity can be found by examining the spatial and temporal

evolution of the current density perturbations in the

simulation. By plotting the current density values above

the average, Jz(z,t) > .05 A, as a function of z and t, the

evolution of the individual perturbations can be followed.

Such a plot is displayed in Figure 7. From this figure we

see that the current density perturbations drift from the
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injection point at nearly the initial beam speed of 1.89 x

107 m/sec. However, not all the perturbations move at the

same identical speed since_ at certain times, merging of a

number of perturbations occurs. Examples of such current

density enhancements are at x = 100 meters, t = 2.1 x 10 -5

seconds and at x = 85 meters, t = 3 x 10 -5 seconds, and are

circled in the figure. It is the creation of these struc-

tures coupled with the perturbations near the injection

boundary that yield the large values of Jz(kz) at small

wave numbers (k z < .2) shown in Figure 6(b). The Fourier

transform of the current density, Jz(kz,_), is displayed in

Figure 8. Note from this figure that the most intense

values of the current corresponding to the perturbations

lie near V s = 1.8g x 107 m/sec, which is represented by the

solid line in the figure. We also see that there is a

spread in these values about Vs; but this spread is not

very large and Equation (21) can be readily applied. It is

interesting to note that even though the beam, itself,

develops a significant velocity spread, as indicated in

Figure 4, the perturbations which generate significant

radiation continue to propagate at the injection speed with

little spread.

To obtain the radiated power from (21), Jz(kz)

evaluated at kz'(_) = n cos 8o_/C is required, where the

wave number, kz'(_), represents those of the whistler-mode
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that satisfy the Landau resonance condition. This

wavenumber varies from .01 at 31.1 kHz to .332 at 1MHz.

The current density values that correspond to these

wavenumbers are indicated in Figure 6(b). Using Equation

(21) and the calculated values of Jz(kz) with the noise

level subtracted, the radiated power spectral density,

dP/df, from the modeled 200-meter beam segment is

evaluated. These power spectral density values are plotted

as a function of wave frequency in Figure 9 (represented by

x's)_ along with the log average of these values

(represented by the straight line). The calculated

incoherent Cerenkov power spectra (represented by o's) and

measured whistler-mode power spectra (represente d by .'s)

from the 200-meter SL-2 electron beam segment is also

displayed in the figure. Note from the figure that the

inclusion of coherent effects amongst the beam electrons

increases the wave powers by nearly a factor of I09 (90

dB's) above incoherent power levels and yields values that

are relatively close to the measured whistler-mode powers.

It is clear from the figure that coherent Cerenkov

radiation from the beam can indeed account for the measured

whistler-mode wave power.

It can also be seen from Figure 9 that the calculated

power from the modeled beam actually overestimates the

measured power by a factor of 40. This over estimate may
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result from the fact that the SL-2 electron beam is not an

ideal line source radiator as assumed in our analysis, and

a more accurate estimate of the power may be obtained by

including the beam's'radial dimension. The overestimate of

the power may also be due to the assumption that the beam

electrons are completely field aligned. Even if the

electron generator is perfectly aligned with the

geomagnetic field, electrical and fluid edge effects

between the beam and the generator orifice may impart

enough perpendicular momentum to the beam electrons to

reduce the size of the density perturbations as we have

modeled them. Consequently, the radiated power will be

reduced. Interactions between the beam electrons and

neutrals may also impart significant perpendicular momentum

to the beam electrons, which will again reduce the size of

the density perturbations and the radiated power. It might

be expected that Landau damping of the Cerenkov radiation

as it propagates in the ionospheric plasma will also

significantly reduce wave powers; but it is suspected that

this effect is not significant since the Cerenkov wave

phase speed from the current density perturbations is still

well above the thermal velocity of the ionosphere. Based

on the limiting assumptions used in our model, the

calculated power should be considered as an upper limit of

the possible whistler-mode wave power. The effects



3O

mentioned above should all tend to reduce the beam's

radiative coherence as compared to our one-dimensional

model; and, consequently, lower the radiated powers.

Therefore, it is not surprising that the powers obtained

via the one-dimensional analysis are higher than those

measured.
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VI. CONCLUSION

Previously, the measured power of the whistler-mode

waves emitted by a continuous electron beam ejected from

the shuttle was found to be almost 10 7 greater than the

expected power from an incoherent Cerenkov radiation

process. Due to this discrepancy, it was suggested that

these waves might result from coherent Cerenkov radiation

effects in a beam naturally modulated by a beam-plasma

instability. In this case, the enhanced radiated power

would result from the coherence between electrons in the

instability-related density perturbations or "bunches."

In order to verify that this process is indeed viable,

a one-dimensional electrostatic simulation of the beam was

performed that verified the existence of the bunches. The

coherent Cerenkov-radiated power from the modeled beam was

then calculated using an analytical expression similar to

that presented by Harker and Banks (1983), and was found to

be within a factor of forty of the measured wave power.

It should be noted that two very critical assumptions

were made to simplify the above analysis. The first

assumption was that the beam could be treated as a line

source radiator of the whistler-mode waves, and was invoked

to obtain a manageable expression for the radiated power.
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Although the beam was not an ideal line source, the

electromagnetic wavelengths were still significantly

greater than the beam diameter, making the assumption

valid. The second assumption is that finite radius

electrostatic effects in the beam were not significant,

which allowed us to model the beam using only a one-

dimensional simulation. As mentioned previously, a one-

dimensional simulation was advantageous since a long beam

length was required. We demonstrated, via simulation, that

the phase space structure of a two-dimensional, radially-

finite beam was indeed comparable to that of a one-

dimensional beam. Without these two simplifying

assumptions, the expression for the radiated power and the

modeled beam could not have been used in the analysis.

Since we have demonstrated that a spontaneous emission

process alone can account for the whistler-mode wave

powers, other more sophisticated emission processes

operating in the beam, such as a whistler-mode instability,

are not required. Both a Cerenkov radiation process and a

whistler-mode instability could be present in the beam;

but, in this case, the powers from the Cerenkov process are

at least comparable to those from the instability.

Consequently, effects from spontaneous Cerenkov radiation
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processes cannot be ignored in the generation of the

whistler-mode waves from the SL-2 electron beam.
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APPENDIX

As mentioned in the text, all the current density

perturbations or bunches in the modeled SL-2 electron beam

are not propagating at exactly Vs, but instead propagate

in a range of velocities, Vs ± AV, where AV is the typical

velocity spread. Consequently, in the frame moving with

these bunches, they are not all stationary as assumed in

the derivation of (21), but have second-order temporal

variations that can alter the radiative coherence of the

beam. The effect of these temporal variations on the

radiated power can be accounted for by changing the delta

function in Equation (11) to a Gaussian function that

represents the spread in bunch velocity. The corresponding

transform of the current density in space and time is then

written as

(_,a_) = _ _/'2"_"J (k)[..,__o__r__ 2_ea2to/4j (A1)
q _ z z z.v.n

where Jz(kz) is the spatial transform of the current den-

sity, a = kzVs-_, and to is the typical coherence time

scale of the temporal variations in the current density. If

the transform of the current density is peaked at _/kz = Vs
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with little or no spread in _ or kz, then the current

density is properly represented by (ii). However, as

Figure 8 indicates, the transform of the current density,

Jz(kz,_), has some spread about Vs = _/kz = 1.89 x 107

m/see. Consequently, this transform is best represented by

(AI), where the Gaussian function is used to represent the

spread in _-kz space. Note as to _ ®, (AI) and (II) become

identical.

Following a similar analysis as was done previously,

the power spectral density from a current density,

Jz(kz,_), with a spread is found to be

a_ffic_°= f F(k ,o_o) toz _ e 4 dk z
(A2)

where

F(k ,_ ) =
z O ( 2= )2_.oc2

f(i'_-l'_)[2nJ (k)J* (k)]neodn .
Z Z Z Z

(A3)

Thus, to obtain the power spectra density, a Gaussian

weighted integration of F(kz,eo) over dkz must be

performed. Using (13) a similar expression can be written

when Jz(kz,e) has no spread about e/_ = Vs:



4O

I i ( kzV s-_o ) ta-P = fF(kz 'coo)SCk V - co )e dk
"_- co --'--f_ 0 z s 0 z

= F(kz°'co°) I _- _o

Vs kz° V---s

(A4)

Expression (A2) and (A4) should yield similar results as

long as F(kz,_o) approximates

numerical integrating of (A2)

was indeed found to be true.

F(kzo,_o) in dkz. A

was performed and this result

The radiated power varied by

only about I0% when considering a spread in Jz(kz,e) equal

to kzo. From these results it is evident that the radiated

power does not vary significantly when considering a spread

in Jz(kz,_) about e/kz = Vs. Consequently, the radiated

power calculated using the much simpler expression (21)

should be a sufficiently accurate estimate of the radiated

power from the modeled beam.
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FIGURE CAPTIONS

Figure 1

Figure 2

Figure 3

A frequency vs. time spectrogram from the PDP

plasma wave instrument showing intense

emissions during a continuous electron beam

event (3:30 - 3:37 UT). The funnel-shaped

structure that extends from the electron

cyclotron frequency, fc, to about 30 kHz is

whistler-mode radiation from the beam.

The calculated power spectral density from the

first 200 meters of the beam in the whistler

mode is shown as a function of frequency.

This figure displays the phase space

configuration of beam electrons from Winglee

and Pritchett's (1987) two-dimensional

simulation. The beam is initially injected

overdense (nb/nA = 4); however, the beam

expands in the first 100 ID to where it is

underdense. In this model, Vb/VA = 20 and the

figure displays the beam phase space after

about 38 _pe -I. Note that the wave trapping

structures created in the beam are very

similar to those typically created in one-

dimensional simulations of underdense beams.
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Figure 4(a), (b), and (c) The beam phase space

configuration from our one-dimensional

simulation is displayed after 50 _pe -I, I00

_pe -I and 840 _pe-l, respectively. In this

simulation, the beam model represents the

underdense part of the beam displayed in

Figure 3 starting from point A. The

simulation was run with nb/nA = 1/16 and Vb/VA

= 20.

Figure 5(a), (b), and (c) Displayed are the number of beam

electrons as a function of z at times

corresponding to those of Figure 4. Note from

all three figures that significant density

perturbations are created in the beam.

Figure 6(a) and (b) Figure (a) displays the beam current

density as a function of z at 840 epe-l, while

(b) displays the corresponding transform of

this current. Note from (a) that significant

perturbations in the current density are

present in the beam, which increases the

values of Jz(kz) displayed in (b) at

wavenumbers less than 20.

Figure 7 Displayed are the current density values,

Jz(Z,t), above the average of .05 A as a
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Figure 8

Figure 9

function of z and t. The evolution of the

current density perturbations is clearly

displayed. Note that these perturbations

drift at V - 1.89 x 107 m/sec, which is the beam

injection speed. Also, note that merging of

the current density perturbations occurs in

the beam, as indicated by the structures

circled in the figure.

To determine the velocity of the

perturbations, the Fourier transform of the

current density in time and space, Jz(kz,_),

was calculated and plotted as a function of kz

and _. Note that the values lie near _/kz =

1.89 x 107 m/see.

This figure shows the power spectra of the

measured whistler-mode radiation from the

first 200 meter o£ the SL-2 electron beam

along with the calculated power spectra of the

incoherent and coherent Cerenkov radiation

from a 200-meter beam seEment. Note that the

inclusion of coherent radiation effects

increases the calculated powers near to those

measured from the SL-2 electron beam. Based

on these results, it is concluded that
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coherent Cerenkov radiation from a bunched

electron beam can generate the detected

whistler-mode radiation.
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ABSTRACT

One of the principal objectives of Experiment 3 on Spacelab 2 was to use

the Plasma Diagnostics Package (PDP) instrumentation to obtain more informa-

tion about the plasma wake of a large body such as the shuttle orbiter. We

present plasma density and temperature data taken both while the PDP was

attached to the RMS and while it was a free flying satellite. Cross-sectlons

of the wake taken from 10 meters to 240 meters behind the orbiter give a first

look at the structure of the electron and ion wake. We conclude that the wake

is "smooth" with no wave-like density disturbances (as expected for a plasma

with T i • Te) , and that the near wake may be influenced by the magnetic field

and a significant contaminant plasma population. Enhanced plasma temperatures

are observed at the wake boundary_ but no definitive heating mechanism is

established. An increase in the sophistication of the instrumentation as well

as the experiment itself will be required to further examine the physics of

the fill process for objects of this scale size.



INTRODUCTION

For more than 20 years experimentalists and theorists alike have strug-

gled with the characterization of plasma wakes. The many variables such as

relative ion and electron temperature, ion composition, body size, and body

potential have divided the generic problem into a series of problems each with

its own appropriate approximations and solution. The regime of very large

body size _ I03AD has been one that is difficult to explore in the laboratory.

Several ionospheric experiments have been performed but none exceeded the

i02--i03_ D scale size until the advent of the shuttle orbiter. More signif-

icantly, there has been relatively little done in the laboratory where the

object size is large compared to both the ion and electron gyroradlus [e.g.,

Schmltt et al., 1973; D'Angelo et al., 1986]. The orbiter satisfies all of

these conditions but unlike laboratory experiments can have magnetic field/

flow vector orientations which are at arbitrary angles. It is important to

note that the wake characteristics may vary because of this magnetic field

orientation. In the regime where a body is larger than an ion gyro radius the

orbiter offers unique investigative capabilities.

This paper will discuss measurements in this large-body regime made by

the Plasma Diagnostics Package (PDP) during Spacelab 2. The first section

describes the nature of the wake experiment, the second details the ionospher-

ic conditions and establishes the scale sizes of interest. In the next we

present the electron and ion density data and discuss the enhanced electron

:emperature in the wake. Finally, a comparison between this data set and

those from other spacecraft and missions is presented.



EXPERIMENT

The PDP, a small recoverable scientific satellite, designed and built at

The University of Iowa, was one of 13 experiments aboard Spacelab 2 on Shuttle

51F in July-August 1985. One of its principal objectives was to determine the

characteristics of the wake associated with a large scale structure such as

the orbiter. A complete description of the PDP and its instrumentation can be

found in Shawhan et al. [1984]. This paper will focus on electron density and

temperature data collected by the Lansmuir Probe (LP) instrument described in

Murphy et al. [1986] and on ion density measurements taken by the Retarding

Potential Analyzer (RPA) described in Reasoner et al. [1986]. It will build

the database of previously reported shuttle wake investigations e.g. Murphy et

al. [1986], Stone et al. [1986], Raitt et al. [1987].

Two key sets of experiments were performed during this mission which

enabled the PDP to characterize the orbiter wake at distances downstream which

ranged from ~ 10 m to 240 m. The first configuration was designed to measure

cross sections of the near wake.

The PDP was positioned by the RMS at approximately I0 m directly above

the orbiter cargo bay (Figure 1). The orbiter then underwent a slow roll, at

the rate of I degree per second, so that the PDP would pass alternately from

the ram of the plasma flow into the orbiter wake. This effectively measured

the wake across its narrowest dimension (the orbiter's y-axls) and occurred

nine times during a one-hour period. During this maneuver the orbiter's



x-axis, as defined in Figure I, remained perpendicular to the plasma flow

vector. For our purposes we consider the orbiter as the stationary frame with

the plasma moving past it.

A second type of experiment was performed during a 6-hour period of the

SL-2 mission devoted to the PDP "free-flight" experiment, an interval when the

PDP was released from the orbiter and operated as a spin-stabilized satellite.

The orbiter performed a series of maneuvers designed (among other things) to

cause the PDP to pass through its wake at varying distances. This measured

the orbiter wake along its widest dimension (the orbiter x-axis). At the end

of this 6-hour free-flight period the orbiter approached the PDP and the

Remote Manipulator System (RMS) arm was used to recapture it.

We may subdivide the free-flight into two experiments of particular im-

portance in the context of wake studies. The first is the orbiter back-away

where, after releasing the PDP from the RMS at a distance of ~ 5 m above the

payload bay, the orbiter separates alon E the velocity vector. This maneuver

is illustrated in Figure 2. The approach phase proved to be less useful since

it occurred in a region where the ionosphere was quite variable and so normal-

ization was not practical. During the second period of interest wake transits

associated with an "elliptical fly-around" were performed. These wake tran-

sits, as well as some performed in a zig-zag fashion at the end of the free-

flight period, constitute a series of wake crossings made in the orbit plane.

These maneuvers are illustrated in Figure 3a. The wake transits resulting

from the "fly-around" and "zlg-zag" maneuvers are highlighted and numbered in

Figure 3b.

A word about the coordinate system is in order.

out is the Local Vertical Local Horizontal (LVLH) or

The system used through-

"airplane-mode" coordi-
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nates which are non-inertial and move along with the objects in orbit. We

have chosen to place the PDP at the origin of this system since it is the pas-

sive object. X is positive in the direction of the orbital velocity vector, Z

is positive downward, or toward nadir, and Y is positive perpendicular to the

orbit plane and in a southerly direction (see Figure 2). All wake transits

take place within the X-Z plane (_ 5 meters). Knowing the spacial relation-

ship between the orbiter and PDP is critical in the analysis of wake data.

The trajectory reconstruction for Figure 3 was done by an elaborate Kalman

filter and backward-smoothing program called RELBET which uses the orbiter's

rendezvous radar data as its input. Details of this process are discussed in

Huysman [1985], and in Pleniazek [1985]. The reconstructed trajectory is

accurate to a typical l-sigma sphere of diameter i0 meters. Construction of

the trajectory during back-away out to approximately 40 meters was performed

by integration of the separation velocity obtained from on-board navigation

software.



IONOSPHERIC CONDITIONS

The altitude of the orbiter during the PDP RMS and free-flight experi-

ments was 325 km and the orbit inclination was 49.5 degrees. Typical iono-

spheric densities on the dayslde are I x 105 to 5 x 105 cm -3. Ion and

electron temperatures are typically 1500 to 3000 Kelvin with TI/T e ~ I. The

dominant ionic component is 0+. The orbiter velocity of 7.7 km/sec results in

the interaction with the ionosphere being supersonic with respect to ions

(Mach 4-8) but subsonic with respect to electrons (Mach _ 0.05). The size of

the orbiter is _ 103 -i0 _ times the Debye length, ~ 103 times the electron

gyroradlus, and is even large (~ a factor of 5) compared to the ion gyro-

radius. This places the orbiter wake investigation in a unique position in

the parameter space heretofore unexamined by laboratory and small satellite

experiments.



OBSERVATIONS

Since wake observations are generally presented in the literature as

densities normalized to ambient we attempt to consistently do so as well.

Cautions about how this normalization is done, however, are warranted under

certain circumstances and these will be discussed as the data are presented.

We first examine the roll maneuver data taken while the PDP was on the

RMS as illustrated in Figure I. These data are normalized to the value of

density obtained when the PDP is in front of the orbiter. An important point

to note is that after the first 360 ° orbiter roll, the PDP is rotated by the

RMS as the orbiter revolves so as to maintain a constant geometric relation-

ship between the probe, the body of the PDP and the velocity vector.

Figures 4a and 4b plot the normalized density for two typical roll scans

of the orbiter's near wake. The X-axls has been converted to equivalent dis-

tance in meters from the center of the wake. These data presented were taken

on the relatively stable dayslde mld-latltude ionosphere in order to prevent

naturally occurring variations from obscuring the data. Data near the center

of the wake are missing because of limits in instrument sensitivity. The

slight offset of the center of the wake is due to the physical offset of the

probe from the center of the spacecraft.

Figure 5 illustrates a slightly longer segment of raw un-normallzed data

which center about the wake crossing of Figure 4b. This particular segment of

data had the PDP fixed with respect to the orbiter instead of fixed with



respect to the velocity vector and as a result shows two smaller wakes which

result from the RMS "wrist" grappled to the top of the PDP. Also illustrated

are the effects of thruster firings which occurred during this time interval

to initiate and stabilize the roll maneuver. (The thruster data had been

cleaned from Figure 4b in order to more clearly present the orbiter wake

data). The significance of these smaller "RMS wakes" and the thruster firings

will be discussed in the last section.

Also illustrated in Figure 5 are electron temperature measurements made

at regular intervals during this time period. The rise in temperature as the

probe enters the wake of either the RMS (small wakes) or the orbiter is evi-

dent. Temperatures are not calculated near wake center where the density is

too low to permit reliable calculations. In all, a total of nine wake cross-

ings were observed but due to lower background densities near dusk and on the

night side, the above two cases are the most meanlngful to discuss. Figures 6

and 7 present the wake observations from the free-flight segment. To obtain

normalized densities for this experiment, we tried initially to compare wake

data to those data which were taken either one orbit earlier or one orbit

later (similar local time and latitude). In principal, this should help to

remove the effects of the slowly varying background.

This, however, is not possible with either the back-away data or wake

transits i and 2 since they occur on consecutive orbits at the same local

time. Various attempts at normalizing the data led us to the conclusion that

the simplest and least misleading method would be to normalize to a constant

density for the back-away data and to a linear extrapolation of the density on

either side of the wake for transits I and 2. It was unfortunate that another
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instrument capable of continually monitoring the background density for com-

parison was mounted on a pallet in the orbiter bay and in deep wake during all

of these experiments.

Figure 6a plots the observed electron and ion density depression during

the back-away maneuver with a constant 106/cm 3 chosen as the reference densi-

ty. In this case, the ion density is plotted only for times during spln-up of

the PDP when the ion instrument is pointed in the ram direction ("+" symbols).

Ion densities are calculated assuming a mass of 0+. The dots are the electron

density (small periodic depressions result when the boom-mounted probe passes

through the wake of the spinning PDP). During the back-away the PDP and

orbiter pass from a latitude of approximately -20 to +30 degrees in early

afternoon local time. It should be noted that over the range of the data

shown the RPA and LP data agree on density within _ _ IOZ. Figure 6b shows

the measured ionospheric electron density one orbit later and will be discuss-

ed further in the next section.

Figure 7a shows the observed density for Wake Transits (WT) I, 2, 3 and 4

in order of increasing distance. In the case of WT's i and 2 the density

value used to compute the wake/amblent ratio is indicated by the dashed llne

in the figure which is a linear fit to density on either side of the wake. In

the case of WT's 3 and 4 the dotted llne used for normalization value is that

of the ionophere one orbit later and earlier respectively.

Figure 7b illustrates the same measurements for ion density with normali-

zation values chosen identically to those in Figure 7a.
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DISCUSSION

Beginning with data taken while on the RMS during the roll maneuver, we

find three relevant observations.

I. At this distance downstream, which is _ IRo, there is no evidence of

any sharp transition in density or any rarefaction cone propagating away

from the wake zone. The wake structure is smooth and if the data were

extrapolated they indicate an approximate three order of magnitude deple-

tion at wake center.

2. By comparing Figures 4a and 4b one can observe an asymmetry of the

wake in 4b. The only variable that changes appreciably between these two

cases is the direction of the magnetic field.

3. Temperature measurements made at the edges of the wake zone where

density is still high enough to permit such analysis indicate a definite

increase in this parameter.

4. The changes in density associated with thruster activity indicate

depletion in background density but show that there is evidently a con-

taminant electron and ion population generated by the thruster. This

thruster-generated plasma can raise density by > I order of

magnitude over what is expected by extrapolating the curve to wake center

(see Figure 5a).

Laboratory investigations of the very near wake are non-existent for

_cases that scale both the Debye length, electron and ion gyroradii.



12

Host differences between distinct cases, (i.e. varying ratios of body

size to Debye length, varying Math number [Stone, 1981], or different ratios

of TI/T e [ Fournier and Pigache, 1975]) show fundamental differences only in

the mid or far-wake zone. The only space experiment involving objects of this

approximate scale size, within a factor of 2 to 5, were those conducted during

the Geminl/Agena docking [Medved et al., 1969]. However, no clear cross sec-

tions of the near wake are available.

Thus, there exists no other data sets for direct comparison. One can

argue, however, that for R o >> XD (let's say R o _ 20 XD at a minimum) llttle

difference in wake physics should exist between varying body sizes. A specific

experiment which addressed the issue of the effects of body potential was con-

ducted by Merllno and D'Angelo [1987]. They found in a laboratory experiment

with an ion beam (energy ~ 17 eV) that appreclable changes in ion density

could be observed at object biases of _ -4V at distances of 1.5 Ro

downstream. For our observations at z < IR o, the orbiter dielectric surface

at a potential of - -0.7 volts, and the ram 0+ energy of 5 eV, we believe the

effect of the body potential can only be a secondary one. This depends, of

course, on the "thickness" of the body and the specific potential at all the

given transit paths of ions but, on the average, the sheath electric field

would not seem to dominate the effect of the space charge field present in the

void behind the vehicle. For very large objects we assume, therefore, that

reasonable estimates of density at a given value of z/R o and ratio of TI/T e

can, to first order, be scaled by the Math number. 0nly when we get to a

regime where the body size becomes large compared to an ion gyroradius or the



13

body potential becomes "large" should other fundamental differences become

apparent.

In this case we may have an example of the effect of the magnetic field

on the plasma dynamics of the near wake. Schmltt [1972] has investigated the

effect of the magnetic field in a Q-machlne. His experiment supports the fol-

lowing conclusions: (I) If the magnetic field is perpendicular to V, ions

will be free to move alon E the field and the wake fill process will be unaf-

fected alon E an axis parallel to B. (2) If, however, the magnetic field is

aligned with V it can inhibit the void-filling process once the object becomes

large enough to alter the distribution function of ions flowing past it. This

implies that the object must be _ 2 Pi in size. (3) Ion "bunching" occurs

with a spacial periodicity related to the ion Eyro period. Bogashchenko et

al. [1971] have also observed periodicity in the far wake associated with a

magnetic field where the object was on the order of an ion gyroradius in dia-

meter.

Our experiment has met the condition that R o _ 2 Pi" Instead of being

purely parallel or perpendicular to the field lines we have a case where the

magnetic field has components both alon E and perpendicular to the velocity

vector. This is a condition which would be extremely dlfflcult to simulate in

the laboratory. Table 1 indicates the different magnetic fleld geometries for

the two cases depicted in Figure 4.

Clearly the principal difference is related to the fact that the magnetic

field in Case A is closer to being parallel to the velocity vector than in

Case B. Also there is a much larger component of the magnetic field alon E the

Y-axis in Case B. Although the RMS roll observations occur at a distance
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which is too close to the orbiter to observe the ion bunching, the asymmetry

oberved in 4b may be a result of this magnetic field.

Turning briefly to the electron temperature of Figure 5, we see that

electrons appear "hotter" in the wake than in the "ambient" conditions sampled

while the PDP was in front of the orbiter. The absolute error in determining

temperature is approximately 50% so the enhancement is real (see Murphy et

al., [1986] for a discussion of errors). This agrees with results reported by

Murphy et al. [1986] for PDP observations of the orbiter wake during the OSS-I

mission. In those initial results, data taken while the PDP was in the pay-

load bay and the orbiter was executing a roll maneuver (an inertial roll in

that case) showed enhancements in temperature by a factor of about four at the

edges of the wake. RMS data taken on that flight were less conclusive, but

indicated an increase of what appeared to be about a factor of two in T e-

Here, in a more cleanly defined experiment, we have clear evidence of

this temperature increase at a distance of Z - R o downstream. This data com-

bined with results of others (Medved, 1969; Samlr and Wrenn, 1972; and Samlr

and Fonthelm, 1981) would seem to lead to the inevitable conclusion that in

front of a spacecraft (in this case about 10 m in front) the typical iono-

spheric values of .i -.2 ev are encountered while the wake contains an elec-

tron population which appears hotter in the sense of equivalent tempera-ture

of a Maxwellian electron distribution. Studies of the RPA data in this time

frame show no evidence of an increased ion temperature.

The ion motion into the wake is controlled by (a) the potential of the

body (for small body sizes); (b) the thermal motion of the ions; (c) the space

charge electric field created by the electrons in the wake; (d) the magnetic

fleld. An enhanced electron temperature may imply that a larger space charge
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field may exist in the wake. This could mean that models which assume T e >> T i

(process 'c' above dominates process 'b') may be a better approximation for

ionospheric wake models than heretofore expected. It has yet to be explained,

however, what process causes this electron heating. Several mechanisms have

been discussed including: (I) the hot electrons result from a selection

effect by the negative potentlal found in the wake; (2) energlzation by wave-

particle interactions; (3) adiabatic compression of electrons as they enter

the low potential region [Murphy et al., 1986]. None of these processes can

be ruled out from these data.

Last of all we note that electron density depletions associated with

thruster firings are consistent with previous observations and with the postu-

late that H20 acts to create a "plasma hole" which in this case is short lived

because the orbiter moves rapidly out of the spacially small depletion area.

Let us now discuss data from the free-flight segment presented in Figures

6 and 7. The back-away data of Figure 6 pick up about where the RMS data

leave off. As discussed in the previous section these data have been nor-

malized to 1 x iO6/cm 3 . In studying the data of Figure 6 several observations

are relevant.

(I) Both ion and electron data agree to within ~ 10%.

(2) Although most data have a narrow scatter about a llne, a large number

of points appear below the llne. These points correspond to the time

when the Langmuir Probe is in the wake of the spinning PDP. Note that

the period between these PDP wakes decreases as the spacecraft slowly

comes up to speed while braking its momentum wheel.

(3) There is a clear increase in density as the PDP moves away from the

orbiter.
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(4) Comparison between the two panels seem to indicate that there is con-

slderable (spaclal) variation in background ionospheric density.

One of the most significant conclusions results when one compares the

density right before release (sllghtly less than 10_/cm 3) to that observed

under similar plasma conditions during the roll maneuvers illustrated in Fig-

ure 4.

Let us examine the different geometric configurations for these two

cases. Examining Table I, we see that the data taken during the first roll

maneuver and depicted in Figure 4a, have a similar magnetic fleld vector in

the LVLH frame as the free-fllght case. The PDP was held in a different atti-

tude by the RMS for the data in Figure 4a than it was after release. The re-

sult was that the position of the Langmulr Probe was slightly forward (+X in

orbiter coordinates) and slightly closer to the cargo bay (smaller value of

-Z). This difference was small, however, and resulted in a relatlve position

shift of only a few feet. More significantly, the attitude for the two cases

differed by 90 °. During the RMS roll maneuver the orbiter +Z-axis was align-

ed with the velocity vector (at wake center) and its X-axis was perpendicular

to the orbit plane (Figure i). When the PDP was released for free-fllght the

+Z-axls was aligned with the velocity vector but the orbiter X-axis was in the

orbit plane (Figure 2). The importance of this difference will be revealed

below.

How can we reconcile the deep wake observed during the roll maneuver (no

current detection at wake center implies a density of < 102/cm 3) with the

~ I0 _ density observed while slightly closer to the orbiter right before
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release? The answer requires going beyond the study of the ambient plasma

wake to consider the effects of contaminant ions.

A number of authors have investigated the contaminant ion population in

the vicinity of the orbiter. Hunton & Calo [1985] observe that at a particu-

lar time early in the STS-4 mission, ion species in the orbiter bay consisted

of 36Z ambient 0+, 13Z H2 O+ and 48Z E3 O+. Since two serial reactions are re-

quired to produce the H30+, the second being H2 O+ with the H20 cloud, this

water cloud must indeed be quite extensive. Shawhan et al. [1984] indicate

payload bay pressures in the 10 -5 Tort range near ram which would also be con-

sistent with high outgassing rates. A detailed investigation by Pickett et

al. [1985] of the effects of chemical releases in the ionosphere by the

orbiter FES, thrusters, and outgassing attributes high energy ions, observa-

tion of plasma turbulence, electrostatic waves, and DC E-fleld modification to

a halo of H2 O+ pick-up ions that exist around the orbiter.

To understand the wake measurements near the payload bay we must then

look not only at the ion density but at its composition. Grebowsky et al.

[1987] discuss the ion composition measurements made with a Bennett Ion Mass

Spectrometer which was also a part of the PDP experiment. In a plot of ion

composition, obtained once per spin cycle, they find the first ion peak de-

tected after PDP release (at a distance of ~ 12-15 meters) to be H2 O+, not O +.

In fact 0+ does not become the dominant ion species until the PDP gets to a

distance of > 25 m. Several explanations have been explored for the origin of

these H20 + and even H30+ ions so near the orbiter, particularly in the wake.

One possibility is that the water contaminant cloud is dense enough that the

free path allows the creation of water ions within the first few meters
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of the surface. This may be plausible but is unlikely even for non-wake ion

measurements. For H2 O+ to exist in an 0 + wake, they must originate elsewhere

because the O+ is needed to create H20+. Grebowsky et al. [1987] observe these

water ions to distances of several hundred meters even in front of the orbiter.

Paterson [1987] observes hot ions during the entire PDP free-flight period and

verifies the ring distribution characteristic of such pick-up ions created in

the O+/H20 charge exchange reaction. Paterson calculates an average outgassing

rate of water to be ~ 1022 molecules/sec, assuming known cross sections for the

reaction and a spherically expanding cloud at 300K. This model is valid to

distances of a few km where loss processes begin to affect the density and it

predicts densities close to those observed by Grebowsky et al. [1987] at dis-

tances of a few hundred meters. Caledonia et el. [1987] have modeled the chem-

istry of this cloud and find that water densities of ~ 1010/cm 3 are consistent

with observed pressures in the 10 -6 Tort regime. They also indicate that using

5ev rate constants for the charge exchange interaction is a valid assumption

for pressures < 10 -5 Tort. The gas cloud will have charge exchange ions with

a guiding center motion in the direction of _x_ where E is the motional

electric field, vxB, measured in the shuttle frame. These ions will thus

appear in the orbiter's reference frame, to be swept by in a direction perpen-

dicular to that of the local magnetic field at velocity V 1 = V o Sin a where a

is the angle between Vo, the orbiter velocity, and the earth's magnetic field.

The motion of this contaminant cloud has recently been investigated and modeled

by Eccles et el., [1988]. This results in a source of R20+ ions which, when ob-

served from the orbiter wake, will appear to approach at an angle 90-a with re-

spect to V o. The ambient 0+ ions approach along V o. This is consistent with
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the Grebowsky et al. [1987] observations which indicated peaks in H2 O+ occur-

ring at angles as great as 77 ° to that of 0+. It is important to note that

these observations reported by Grebowsky et al. were made at the same time as

the data shown in Figure 6a.

Several conclusions are possible with the aid of Table I, Grebowsky's

observations, and the fact that the attitude of the orbiter with respect to the

velocity vector (and magnetic field) was different for the two cases. The ions

observed during the release of the PDP: (a) are contaminant ions; (b) are two

orders of magnitude greater in density than the ambient 0+ in the near wake;

(c) come from a direction, in the shuttle stationary frame, that is perpendic-

ular to a field llne. By studying the detailed B-fleld and orbiter attitude

geometry we find that during the roll experiment the body, bay-doors and

especially the wings of the orbiter shadowed the contaminant population in the

deep wake. The magnetic field geometry after release did not allow the body to

block the contaminant ions.

This points again to the necessity of careful evaluation of all these data

and caution when comparisons are made with laboratory and other satellite data.

It is possible that some of the asymmetry associated with data from Figure 4b

may be due to the influence of this contaminant ion population. Note that this

could also be called a magnetic fleld effect since the direction of motion of

the contaminants is controlled by the magnetic field.

Last of all we examine the free-flight portion of data where WT's l

through 4 occur. Table 2 summarizes the peak electron and ion density depres-

sions normalized to the appropriately chosen background as shown in Figures 6

and 7. The Table is ordered with increasing wake distance. Note the relation-

ship between the distance downstream and normalized density. The depth of the
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wake and its width decrease as one moves to larger values of normalized Mach

distance X' s X/SRo. There is one inconsistent observation. For some reason

WT 4 is not as pronounced as WT 2, whlch is actually further away. Looking

for sources of error in this observation we find I) error in determination of

normalization value (~ ±i0 Z); 2) an error in relative position (±5 m); 3) an

error in determining absolute values of T e for normalization of Mach distance

(±500 K). These errors result in a total RMS error in observed normalized

density as a function of mach distance of ~ 20Z which is Just enough to

account for the observed inconslstancy. It is useful, however, to examine

real physlcal effects which could produce a wake which does not result in a

monotonic increase in density behind an object, No ion species data is avail-

able at this time, so contaminant ions may not be totally ruled out. As dis-

cussed before, these contaminants are time variable and can be significant

contributions. Grebowsky et al. [1987] show these contaminant species are,

however, generally _ IOZ of ambient making it probable that they would only

be a direct factor in the near wake density where depletions are greater than

an order of magnitude (e.g. WT 3). Although the contaminants may not contri-

bute significantly to the ion densities observed in the far wake they could

affect this wake indirectly since they can alter the electric field of the

near wake which affects the "rate of fill".

We postulate that the magnetic field may play a roll in the wake fill

process and have tabulated the values of Bx, By and B z in the LVLH frame in

Table 2. One possible effect as presented during the discussion of asymme-

tries in the RMS roll data may be that for objects whose characteristic size

projected into a plane perpendicular to the magnetic field is greater than ~ 2

ion gyroradll, the field will inhibit the wake fill process to some degree.
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This may in effect skew the wake "off center" making simple cross sectional

cuts presented in these WT data somewhat misleading. Schmitt [1972] and

Bogashchenko et al. [1971] data would also suggest that some ion bunching may

be observed. We note in Table 2 however, that both WT's 3 and 4 satisfy this

condition that r _ 2 Pi" We therefore conclude that although magnetic field

effects are possible at these "mid-wake" distances, no strong evidence is

available from this relatively limited data set.

A third possibility is that ion deflection due to body potential, as in-

vestigated by Merlino et al. [1987], may play a role at distances of

~ i00 meters behind the orbiter. Although this deflection has been observed

in the laboratory the orbiter potential should be virtually the same for these

two Cases.

A more thorough investigation of all of these effects and a more complete

characterization of the orbiter wake will simply require a larger data base

that is not restricted to two-dimensional crossings. Accurate, concurrent

measurements of ambient density, ion species, and neutral density would also

improve the accuracy in determining the normalized density. It is hoped that

on future missions such experiments may improve our observational data base so

that further advances in our theoretical understanding will be possible.
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FIGURE CAPTIONS

Figure I. The RMS roll maneuver is illustrated here. The position of the PDP

with respect to the orbiter is fixed, but is rotated about an axis paral-

lel to the orbiter's X-axls to maintain constant orientation to the

velocity vector. The orbiter's X-axls is perpendicular to the orbit

plane. The width of the near wake along this axis is - i0 m correspond-

ing to a body size of approximately 103AD •

Figure 2. The RMS arm releases the PDP approximately 5 m above the payload

bay. The orbiter then separates from the PDP along the velocity vector

at approximately .1 m/sec. The reference system used places x along the

velocity vector, y perpendicular to the orbit plane (southward) and z

positive toward earth's center.

Figure 3a. The entire 6 hours of PDP free-flight is reconstructed in this

figure. The PDP is at the center of this coordinate system and the times

of interest for this study occur when the orbiter passes through the

shaded region. While in this region, characteristics of the orbiter's

wake can be measured by the PDP. Note that unlike laboratory experi-

ments, the probe (PDP) is held stationary and the object (orbiter) is

moved.

Figure 3b. The "wake transits" are enlarged and labeled 1 through 4 for fu-

ture reference. Note the range varies from ~ 50 m to ~ 250 m.
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Figure 4. Electron density, for the first two wakes encountered during the

RMS roll maneuver, are normalized to the ambient density obtained in

front of the vehicle.

Figure 5. Unnormalized roll data show the effect of thruster operations and

the smaller wakes associated with the RMS in 5a. In Figure 5h the tem-

perature ehancement typical of the wake boundary region is indicated.

Figure 6. Ion and electron data during the back-away are plotted normalized

to ne - I x 106 cm -3. Beyond t = 25 background density varies consider-

ably as is illustrated in Figure 4b which are data for one orbit later at

approximately the same station-keeping position.

Figure 7a. The smoothed values of ion and/or electron data for each wake

transit are shown in the four panels. The decimal value indicated by the

arrow is the fractional density at wake center. WT #3 has the ion data

from Figure 7b superimposed to show the similarity in results.

Figure 7b. Only ion data is shown for the same time intervals of Figure 7a.

Agreement with electron data is typically better than I0%. Accurate

density is obtained once per spin cycle of the PDP. The spin modulation

is evident in the data.
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TABLE 1

Magnetic field geometry for Figure 4 (LVLH Coordinates)

Bx By Bz _ 8

Figure 4a .234 -.140 .091 -30.8 71.5 35.5 °

Figure 4b .188 -.131 .242 -35.0 43.5 55.7 °

Free Flight .259

(back-away)

-.146 -.068 -30 77 32 °

* B is in Gauss.

** Theta and Phi are defined in the conventional spherical coordinate

sense from the rlght-handed XYZ system.

a is the angle between B and the velocity vector.
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ABSTRACT

Measurements of the ion and electron densities associated with the wake

of the shuttle orbiter were made by the Plasma Diagnostics Package (PDP)

during the 1985 Spacelab 2 mission. Cross sections of the wake at distances

of 50-200 meters downstream and measurements along the wake axis from 5 m to

100 m were obtained. The POLa_R wake model, developed for The Air Force

Geophysics Laboratory to study charging of spacecraft in low altitude high

inclination orbits, was used to perform a 3-dimensional simulation of the

plasma wake evaluated at points along the PDP's relative trajectory. The

POLAR code uses several simplifying assumptions to predict wake densities.

These include neglecting the magnetic field, assuming the plasma is

quasi-neutral, and modeling the plasma density behind the expansion grout

by using the self-similar solution of the expansion of a plasma into a vacuum.

This approach is computationally very egficient. The results presented here

are the first known comparison between such a model and actual in-situ data

obtained got objects og scale size ~ 10 _ I d. Excellent qualitative and

quantitative agreement are found at distances greater than ~ 30 m indicating

that, at least to girst order, the model's approximations are justified. An

intriguing disparity between the model and data suggest that the orbiter's

near wake may be gilled predominantly by a pick-up ion population created from

neutral contaminants and that these would have to be included ig accurate wake

models og large gas-emitting objects are required.



INTRODUCTION

In this paper we discuss measurements made by the Plasma Diagnostics

Package (PDP) during Spacelab 2, which are presented in the accompanying

paper, and compare those results with predictions from AFGL's POLAR wake code

which uses a complex geometric model of the orbiter and the self-similar

solution of the expansion of a plasma into a vacuum as its model basis.

Previous reports [Katz et al. 1985] have compared the predictions of POLAR to

observations of Ti= Te plasmas in the laboratory. In this paper we apply the

same model to the wake in a space plasma environment.

Caution should be exercised in extending conclusions about the accuracy

of the POLAR model to conclusions regarding verification fo the underlining

physical processes it contains. Several other investigations have studied the

appllcabillty of the self-slmilar mathematics [Samlr et al. 1983, Santwana e=

al. 1986, Gurevlch et al. 1969] to wakes. It is our purpose only to determine

if POLAR provides a reasonable model for the wakes of 'large' objects in the

ionosphere as it has for Ti= Te plasmas in the laboratory.

We describe briefly the POLAR model and review the physics it contains,

compare the data with the model, and then discuss the range of validity of the

code.



T_[E POLAR CODE

To develop a code that can adequately describe the plasma wake behind a

large object, particularly one of complex geometry, careful consideration of

assumptions and approximations are required as are simplifications allowing

for computational efficiency. The POLAR code has evolved with such considera-

tions in mind. A detailed description of the POLAR wake model is given by Katz

et al. [1985] and it is the purpose here only to review the basic physics and

processes in POLAR so the reader may have some insiEht into the validity of

the code.

The model of the wake structure used by POLAR depends on the position

relative to the so-called ion front. This ion front marks the boundary where

electron density beEins to change on a scale commensurate with the Debye

lenEth and the ion density takes a sudden and dramatic drop. Several authors

discussed the relationship between the wake fill process and the theoretical

problem of the expansion of a plasma into a vacuum. In particular, problems

applicable to ionospheric conditions have been treated by Gurevich et al.

[1966], Gurevich and Pitaevsky [1975] and SinEh and Shunk [1982] to name a

few.

The solution to the Vlasov-Poisson equation system is in general quite

difficult to obtain but for the expansion of a plasma into the void it can be

solved explicitly [Gurevich et al., 1969]. Ahead of the ion front the plasma

is treated as rarefied; its motion is controlled by the thermal spread in ion



velocities. Behind the front the motion is controlled by the electron temper-

ature and ion mass. Figure I illustrates these regimes and defines the coor-

dinate system used.

The governing equations in this region ahead of the front, considering

that electrons are more mobile than ions and that they maintain equilibrium

with a local potential, are:

The Boltzman relation; ne = no exp (e _/kTe) (I)

continuity; ani + a (niv) = 0 (2)

equation of motion;

at az

av + vav - -e a_ (3)

Poissons equation; a%_ - 4_e(n e- n _ (4)
_-_

where no = ambient density

n i = ion density

n e - electron density

Te = electron temperature

e = electron charge

= local potential

k = Boltzman's constant

Z is a variable representing distance parallel to the front velocity or in

this case perpendicular to the orbital velocity.



Crow et al. [1975] have numerically solved the above equations to predict

the position of the ion front. Katz et al. [1985] developed an analytical

fit to the Crow results:

ZF(t ) - 21 d { (_t +I ) in (I + _ _ t) - _t (5)

- (I - .429 ) (_t - I In (I + amt) }

where _ = (4_noe2)1/2 , Id = _/2

H 4=noeZ

are the ion plasma frequency and Debye length. _ is a free parameter deter-

mined to be ~ 1.6.

Katz et al. [1985] showed that this formula agrees well with laboratory

data from Wright et al. [1985] and incorporated it in POLAR. Ahead of this

front ZF, the plasma is assumed to expand due to thermal motion, the so-called

"neutral approximation". Behind ZF the plasma evolves into a state which is

self-similar [Chart et al., 1984]. The self-slmilar solution of equations 1-4

for z > - Sot is
z+St

n - n exp { - ( o ) } (6)
o S t

O

1/2
where S° = (kTe/M) is the ion acoustic speed.

We take the time variable to be spatially defined as:

x (7)
t m __

Vo

where x is the distance behind the object (perpendicular to z) and Vo is

the orbital velocity. We define the self-similar variable _ as _ = z •
orf 



Thus the self-similar solution essentially states that between the region

bounded in positive z by the front, ZF, and in negative z by the llne

z = -Sot the density rises exponentially to be equal to the ambient value

along z - -Sot which is an intuitively reasonable result.

In summary, the wake routines in POLAR employ two limiting cases.

I) Ahead of the ion front the electric field is negligible and the motion of

ions is identical to neutrals. 2) Behind the ion front, whose position

is determined by equation 5, the quasi-neutral self-slmilar solution of

equation 6 is implemented.

POLAR has routines which model accurately the geometry of the object and

the "neutral ion" trajectories are calculated from:

fi (_,v) - gC_,n) rio (_) (9)

fio (_) is the unperturbed distribution function for a drifting

Maxwellian;

g(_,_) has value "0" if a ray starting from _ and going in the direction

n would strike the vehlcle and "I" if it would not.

The local density is given by:

ni (_) - r fl (_' _) = f g(_,n) {_fioC_,n)v2dv } dn (I0)

This initial density calculated in three dimensions for neutral particles

is compared with density calculated assuming the complex geometric object is

replaced by a flat plate at a position where the dominant source appears at

the object edge. This ratio provides a "geometric correction factor" which is

applied to the quasi-neutral one dimensional solution discussed above for



positions behind ZF. In this way POLAR can calculate quite rapidly an approx-

imate value for the ion and electron densities in the wakes of complex ob-

Jects.

Note that the assumptions behind the front are I) the electron tempera-

ture and ion mass govern the equation of motion, 2) the plasma is quasi-

neutral, 3) the magnetic field does not affect the ion or electron motion,

4) equation 5 serves as a good approximation for determining the boundary of

the ion front and 5) the geometric correction factor calculated in detail

with the 3-D neutral model can be approximately applied to correct the plasma

densities as well. Therefore, the algorithm can address complex geometries

but takes advantage of the smooth wake structure characteristic of

ionospheric plasmas where Ti/T e - I.
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COMPARISON OF RESULTS

Figure 2 is a plot of the normalized density as a function of time pre-

dicted by POLAR for the PDP/orblter relative trajectory. The density ratio

Nwake/Nambien t varies from approxlmately .9 for Wake Transit (WT) #I which is

at a distance of 245 meters to .2 for the closest WT#3 at 45 meters.

One must be careful when comparing the model to the data since the model

assumes a fixed background density of 105/cm 3 whereas the actual ionospheric

density can and does vary considerably. The background density chosen for the

model is typical of that observed in the dayslde ionosphere. The assumed

temperature is also constant 2500 K. The observed temperature varies

plus or minus ~ 25% from this assumed value during times of interest. The

wake transits were all planned to occur in the relatively stable dayslde

ionosphere and over the time span of a given wake transit the background

density is believed to be stable to ± 10% [Murphy et al., 1988]. In the

following discussion we will always compare the observed density ratio during

a wake transit to the percentage change predicted by the model.

Figure 3a plots the observed electron and ion density depression during

the back-away maneuver with a constant 106/cm 3 as the reference density

[Murphy et al., 1987]. The dots are the electron density (small periodic

depressions result when the boom mounted probe passes through the wake of the

spinning PDP). The '+' symbols are the ion density obtained once per spin

cycle. During the back-away the PDP and orSiter pass from a latitude of

approximately -20 to +30 degrees in early afternoon local time. Figure 3a



I0

also shows the predicted normalized density calculated by the POLAR model

described above. As can be seen, good agreement exists at distances from

than ~ 30 meters to ~ 75 meters. It should also be noted that, over the range

of the data shown, the RPA and LP data agree on density within ~ _ 10%.

As discussed in Murphy et al. [1987], we cannot easily normalize to

either the previous or following orbit so we use a constant value of 106/cm 3

for Nambien t. This value appears to be the peak density observed after the

PDP has left the wake approximately ih 40m later. Over the relatively long

period of this maneuver the ionosphere has surely changed by more than 10% and

this may explain the disparity after t = 20 minutes since the PDP to orbiter

distance is changing relatively little. Figure 3b is a plot of the predicted

density calculated by the IRI ionosphere model and the measured density one

orbit later (same local time and latitude). Note that the gradual variations

observed are consistent with the general trend predicted by the model.

Let us turn now to the wake transit observations. Table 1 lists the

wake transits and compares the predicted and observed depletions as well as

conditions at the time of the center of the wake. Note that in this entire

range of 50 m to 250 m the calculations and observations agree to ~ 10%.

Since the orbiter has a complex geometry, the details of the wake

structure at a distance of 43 m (WT#3) downstream may be affected. Figure 4

plots a detail of that wake transit and the POLAR model as a function of time.

The data are normalized to a constant value since it is clear some variation

in background density occurs but it is not clear exactly what that variation

is. To normalize to any unknown value other than a constant would introduce

artificial variation and skew the results. The companion paper discusses this

issue in detail and in that case, WT#3 _s normalized by the data from the
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prior orbit. Rowever, the companion paper is attempting no comparison to a

model. During this wake transit the background is believed to vary by as much

as I0% [Murphy et al. 1988] so the model cannot be tested to accuracy greater

than that.
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DISCUSSION

In examining the back-away density profile we find three relevant

observations from Figure 3.

I. Close to the orbiter (_ 30 m) the model underestimates the observed

density by one to two orders of magnitude.

2. In the range 30-75 m the model predicts quite accurately the

gradual increase in density until the time t _ 20 in Figure 3.

3. After t • 20 minutes, the observed density seems to have a variation

which is not believed to be wake related. These density changes result

from ionospheric variability as the spacecraft approaches the dawn-dusk

meridian plane and are predicted by empirlcal models such as IRI.

Considering the first observation: recall that the assumptions incorpo-

rated within the POLAR wake model require a quasl-neutral plasma, assume a

self-slmilar solution, and neglect magnetic fields. Considering that the

electron and ion densities observed even at the beginning of the release and

back-away period agree within 10%, it would seem that quasl-neutrallty would

be valid. It has been shown by Chan et al. [1984] that after a few ion plasma

periods (~ .I msec in this case) the plasma expansion becomes self-similar.

For the case of the shuttle orbiter this takes place within the first ~ I

meter of the wake. The magnetic field, if it is to be considered for this

case, would always act to limit plasma flow rather than enhance it.

Therefore, it too can be eliminated from serving as an explanation for the
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poor fit at less than 30 meters. The answer to the disparity between model and

observation would seem to lle in the role played by contaminant ions. The

companion paper Murphy et al. [1987] discusses these ions and offers their

presence as an explanation for the disparity between these data and that taken

at similar distances while on the RMS.

Let us turn now to the 30 m to 75 m distance regime. The most dominant

characteristic of both the data and model are the relatively smooth increase in

density as the PDP moves axially along the orbiter wake.

This midwake region has been studied extensively in the laboratory and the

wake-fill process depends strongly on the body size, body potential, and ratio

of ambient ion to electron temperature. Wright et al. [1985], Fournier and

Pigache [1975], Rester and Sonin [1970] and many others have performed

y experiments and observed fine structure in wakes including ion

density peaks along the wake axis and wave-like condensation disturbances.

It is important, however, to note that for the case of large bodies in Low

Earth Orbit (LEO): I) the body potential is not too different from the plasma

potential (a few kT e at most); 2) the plasma is cold and colllsionless; and 3)

the ambient ion and electron temperatures are close to being equal.

An excellent review of laboratory work before 1975 is given by Fournier

and Pigache [1975]. Another excellent review of the subject of ion accelera-

tion into the wake is given by Samir et al. [1984]. In these cases the authors

agree with the basic finding of Gurevlch and Pitaevskii [1969] that the fine

structure and ion peaks observed in certain laboratory investigations

vanishes as T i approaches Te. We see in this case that in spite of (or perhaps

because of) the effect of contaminant ions we have a large-scale wake which is

y devoid of any fine structure at least in the sense of total electron

or ion density. It should be emphatlcally noted, however, that this does not
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imply we know all there is to know about the wake structure. The overall

plasma density is only the zeroth order parameter, lon and electron

composition [Grebowsky et el., 1987], vector measurements of ion velocities

[Stone et el., 1983] electron temperature [Murphy et el., 1986; Raltt ec el.,

1984], wave disturbances [Shawhan et el., 1984], plasma turbulence [Raitt et

el., 1984] all play roles in understanding the total physics of the wake

structure for such a complex, gas-emittlng, large object•

As discussed above, the structural differences between predictions and

observations after t - 20 minutes in Figure 3a are attributed to natural

ionospheric variation (not modeled by POLAR). Figure 3b illustrates the

density profile one orbit after the back-away maneuver and shows this similar

structure.

Finally, let us compare the model predictions to observations for WT#1

through 4. The agreement is quite remarkable and affirms that the "well-

behaved" wake structures associated with TI/T e _ i plasmas can be adequately

modeled by the physics contained in the POLAR model. There is only one

significant difference between model and data. WT#2 which occurs at _ 125 m

seems to be considerably deeper than WT#4 which occurs at a little more than

I00 meters. Murphy et el. [1988] discuss this extensively in the companion

paper and we do not believe that, considering approximations made by the model,

and errors made in normalization, we could expect any better agreement. If the

magnetic field and contaminant ions do play some role it is clear from both the

model and the data that it must be a secondary one.

Studying the detail of the wake transit #3 observations and POLAR'S

predicted profile we also find good agreement. This is significant because at

43 m (_ I Ro) downstream the details of the orbiter geometry and its effect on

the wake can not yet be "washed out". The good agreement seems to imply
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that the geometric model assumptions are valid and it is permissible

to use the geometric correction factor calculated from the neutral flow model,

at least to first order.

Note that the center of the predicted wake seems to be offset slightly

from that observed and that the predicted density gradient seems slightly

greater than observed. Murphy et al., [1988] in the companion paper discusses

the accuracy with which the trajectory reconstruction takes place. This

offset error is consistent with that level of precision.

The difference in density gradients may be due to a slightly different

plasma temperature than that modeled or may be consistent with the role played

by contaminant ions in the neutralization of the space charge electric field.

Electric Field data is difficult to discern from the PDP because of

interference from another instrument, but Steinberg [1988] has examined data

from the time period of WT#3 and finds an electric field which changes sign at

the wake center. This field is within a factor of two of that expected from a

self similar expansion. No attempt has been made to compare the predicted

field computed by POLAR to the actual data since error bars on the data are

rather large. The authors may examine this as well as the RMS data in more

detail in a future paper. The RMS roll data may be more useful for comparison

since those data are taken at < 1R o where the density depletion and electric

fields are greater.
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CONCLUSIONS

Comparisons of the PDP ion and electron densities to those predicted by

the POLAR code verify that for ionospheric plasma conditions (T i _ Te) the

orbiter wake is relatively smooth in its structure to distances ~ I0 body

radii downstream and that POLAR predicts this wake with an accuracy of about

~ I0-20%. For large and complex systems such as the orbiter, outgassed

products may play a significant role in the structure of its wake at distances

less than the characteristic body dimension. Adequate modeling in this regime

requires input that details the outgassed species and rates, chemistry

describing their interaction with the ionosphere, and inclusion of magnetic

field to account for the plck-up ion population in the wake.

At mid wake distances the magnetic field effects if any, would appear to

be secondary to the dominate role of the electric field and thermal motion

already modeled by POLAR in the wake fill process. However, for slightly

larger objects or high inclination orbits the magnetic field may have to be

considered if accurate results are required. In addition, the fundamental

scientific questions associated with large body wakes will eventually require

its inclusion.

For comparisons between in-situ observations and models such as POLAR to

be meaningful at levels better than a few lO's of percent, more than simple

axial or planar profiles of density are needed. The future experiments will

also require good background measurements and inclusion of vector ion

velocity, electric field, and particle distribution functions.
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Wake _

Latitude

(degrees)

Te
Kelvin

TABLE 1

Distance

(meters)

POLAR
Normalized

Density

Observed

Normalized

Density

-35 2500 242 .9 .8O

2 -45 3000 125 .75 .61

+I0 1500 45 .2O .18

4 +35 2000 105 .65 .90
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Figure I. The POLAR wake code distinguishes three regions of interest. The

ambient plasma, region of self similar model, and neutral approximation spaces

are bounded by =he Math cone Z ffi-Sot and ion front respectively. The coor-

dinate system used is consistent with equations I through 7.

Figure 2. Using relative positions illustrated in Figure 2, POLAR calculates

the density as a function of time for the entire free-flight time period.

Areas of interest are labeled in the figure. The assumed normalization values

for the plasma are ne - i x 105 cm -3 and Te - 2500 K.

Figure 3. Ion and electron data during the back-away are plotted in 4a nor-

malized to ne - I x 106 cm -3 • Note the relatively good agreement between

model and data beyond 30 meters. Beyond t = 20 background density varies con-

y as is illustrated in Figure 4b which are data for one orbit later at

approximately the same stationkeeping position and a predicted density for

this orbit from the IRI ionosphere model.

Figure 4. Detail of data from WT#3 is compared to POLAR predictions. Data

are normalized to a constant. Since =here may be variation in background of

> i0%, differences of that order between data and model are not significant
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Exposed High-Voltage Source Effect
on the Potential of an Ionospheric Satellite

A. C. Tribble, ° N. D'Angelo,t G. B. Murphy,:_ J. S. Pickett,§ and J. T. Steinberg'[

University of lowa, Iowa City, Iowa

A pulsed, high-voltage source, which is able to draw u current from the surroundin 8 plasma, is seen to induce

large changes in the potential of s• ionospheric satellite (the low• Plasma Diagnostics Package flow• on Space

SbuttJe flight STS-$IF). This, in turn, may affect the operation of other instruments that use the chassis of the
satellite as • gro••d for electrical circuits. The magnitude of the change in satellite potential is dependent upon

both the orientation of the high-voltage source, relative to the plasma flow, and the ch•rocterJsties of the

high-voltiSe source. When the satellite is grounded to the Shuttle Orbiter, this effect is sufficient to change the
potential of the Or°niter by t small, but noticeable, amount.

a e _=

A_ =
• I
h =

h' 8

_¢, pc I

_rt, LEP _

re, sc

_i t ills =¢:

[i. S¢ I

k ,,

m e

i1 i

r =

r t :R

7", =
U0

Nomenclature

surface area of the PDP that will collect electrons

surface area of the PDP that will collect ions

charge of the electron

height of the main body of the PDP

height of the "top cap" of the PDP
electron current collected by all of the PDP's
instruments

electron current collected by the Langmuir probe

electron current collected by the LEPEDEA
electron current collected by the PDP chassis

ion current collected by all of the PDP's instruments
ion current collected by the PDP chasis
Boltzmann's constant

mass of the electron

electron density

ion density

radius of the main body of the PDP

radius of the "top cap" of the PDP
electron temperature

orbital velocity of the PDP

Introduction

A SPACECRAFT traveling in the Earth's ionosphere has
no external electrical ground available for it to use as a

reference for potential measurements. As a consequence, such
spacecraft are susceptible to different types of charging

phenomena that may alter the potential of the spacecraft

chassis, t.2 From July 29 to August 6, 1985, a satellite designed
and built by the University of Iowa's Department of Physics

and Astronomy, the Plasma Diagnostics Package (PDP), was

flown as part of the Spacelab 2 payload on Space Shuttle flight
STS-51F at an altitude of 325 kin. The PDP is a cylindrical

spacecraft 106.68 cm (42 in.) in diameter and 66.04 cm (26 in.)

in height composed of 14 different instruments designed to
study the plasma and electromagnetic environment near the

Shuttle Orbiter. A diagram is shown in Fig. 1.

Received March 9, 1987; revision received June 23, 1987. Copyright
© American Institute of Aeronautics and Astronautics, Inc., 1987.
All rights reserved.

•Graduate Research Assistant, Member AIAA.
tProfessor of Physics, Department of Physics and Astronomy.
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§Staff Research Assistant, Department of Physics and Astronomy.
Member AIAA.

¶Graduate Research Assistant, Department of Physics and
Astronomy.

The PDP skins are constructed of aluminum and are

covered by multilayered insulation (MLI) blankets followed

by an outer dielectric layer of beta cloth (teflon-coated
fiberglass) overlaid with a conducting aluminum wire mesh
electrically grounded to the chassis of the PDP via bolts and

staples through the MLI. The MLI consists of a singly

aluminized kapton layer on the outside (aluminum sides facing
inward) and 10 layers of doubly aluminized mylar separated

by dacron net on the inside with grounding straps used to
electrically bond the MLI to the structure.

During the Spacelab 2 mission, the PDP made measure-

ments from the payload bay, from the Remote Manipulator

PDP EX:)MS DEPLOYED CC_FIGURATION

i

E-FIELD

SPHERE iolg&_ _ _ E-FtELO
i S;_ERT

"/11.53

TOP VIEW

SIOE vIEW

Fig. 1 Diigram of the PDP with booms deployed. Relevant dis-
tances are indicated in inches.
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System (RMS) and for a period of 6 h as a free flying

subsatellite This paper will show how some of the measure
ments made with a Langmuir probe and a dc Electric Fields

instrument (utilizing the E-field spheres) on the PDP were

affected by a pulsed, high-voltage source (LEPEDEA).

Instrumentation

A Langmuir probe on the PDP was used to make

measurements of electron temperature, electron density,
fluctuations in the electron density, and plasma potential. The

Langmuir probe consisted of a 3-cm-diam spherical, gold-
plated sensor and supporting circuitry. This circuitry was

designed to alternate between two modes, which we refer to as

the sweep mode and the lock mode.
During the sweep mode the bias voltage of the Langmuir

probe was swept from I0 to - 5 V, re[afire to the chassis of the
PDP, in discrete steps of 0.125 V at a rate of 120 steps/s. A

graph of the log of the current collected by the Langmuir

probe during this time as a function of the bias voltage is

typically referred to as a Langmuir curve. As shown, for
example, by Huddlestone and Leonard, j a Langmuir curve

allows us to calculate the electron density, electron tempera-

ture, and plasma potential. An example of a typical Langmuir
curve is shown in Fig. 2a. In Fig. 2a and in all subsequent

figures, the times given are in Universal Time (UT).

Following the sweep mode, the bias voltage on the

Langmuir probe returned to 10 V where it remained for 11.8 s.
During this time, the data collected by the probe, which were

again sampled at a rate of 120 steps/s, allow us to measure

el_ectron density fluctuations. An example of the lock mode
data, sampled through a 6-40-Hz filter, is shown in Fig. 2b. A

Langmuir probe similar to the one used on the Spacelab 2
mission is discussed in more detail by Murphy et at.4

The dc Electric Fields instrument on the POP consisted of

two spherical unbiased high-impedance probes and associated
electronics. The two sensors are visible in Fig. I and are

labeled E-field spheres. In this paper, we are concerned with

only one type of dc measurement that was made. The average

of the dc potentials of the two spheres, V, and V_ relative to
the chassis of the PDP, (V, + VQ/2, was measured once every

1.6 s. It is important to note that the measurements made by

the Langmuir probe and the dc Electric Fields instrument

complement each other in that the Langmuir probe was a
tow-impedance sensor that measured current at a controlled
bias level and the dc Electric Fields instrument utilized

high-impedance floating probes that measured the potential at
near-zero current.

The last instrument that will be discussed in this paper is the
Low Energy Proton Electron Differential Energy Analyzer

(LEPEDEA). As can be seen in Fig. 1, the LEPEDEA was

mounted on the circumference of the PDP. It has two particle

collectors open to the ionosphere, one designed to detect
electrons and the other, ions. The two openings are separated

by a curved plate to which a pulsed high-voltage is applied.

The combined cross-sectional area of the openings to the
electron and ion detectors is 6.69 cmz (I.04 in.Z). The

high-voltage plate is 5.26 cm (2.07 in.) wide and extends into

the LEPEDEA for a distance of 9.83 cm (3.87 in.). At time

t = 0, the bias voltage on the LEPEDEA plate switched from
0 to 2.2 kV, relative to the chassis of the PDP, where it

remained for 0.2 s. During the following 1.4 s, the bias voltage
then decayed exponentially with a l/e time of 0.16 s, the entire

cycle requiring 1.6 s. The operation of the LEPEDEA is
discussed in more detail by Frank et al.s

Anomalous Results

During the 6 h of free flight, an anomaly was detected in

both the sweep and lock mode data collected by the Langmuir
probe. An example is shown in Fig. 3. Figure 3a indicates that

the normal Langmuir curve is interrupted by a "bite out" in

the current collection. This bite out always maximizes

approximately 0.2 s after the start of the voltage sweep.

TYPlCAJ. t.ANGMUIR CUFIVtr

-3 0__v 2IS

MI[ Ol: 44 _13._'00

9 7 3 3 ; i
9IAS 'aOt._'AGIE( V I

a)

TYP')CAI.. LC_K _ OAT/[,

0

- o ' , ,
3_ S 9 '0 I I _2 r3

TtMtr, ,N Si[CON0$, $TA.ql"I,_'G0AY Zt3, 01:30:08

Fig. 2 Examples of: s) a typlcM Langmuir cur_e and: b) typical
lock mode date.
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FII. 3 Eumpies of: e)an anomalous Langmuir ,curve and;
b) auomMone lock mode data.

TOP view OF POP

..-:-_- --_-

Fig. 4 Definition or the lamgmuir probe phase angle. The PDP is
rotating eoumereioekwi_ in the plane ot the paper.

Further examination of a series of Langmuir curves indicates

that the magnitude of the anomaly is dependent upon the

orientation of the PDP, which was spinning about its
cylindrical axis with an inertial period of 13.06 s. This

orientation is defined by a phase angle, which is the angle

between the velocity vector of the PDP and the vector that

points from the center of the PDP to the Langmuir probe,
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Fig.4. In thisfigure,the PDP isrotatingcounterclockwise in

the plane of the paper. The Langmuir probe entered the sweep

mode every 12.8s.Consequently, ifthe PDP starteda voltage

sweep when the phase angle was -180 deg, the next sweep

would have begun when the phase angle was - 172.9deg. The

difference in phase angles occurs because the PDP rotates

through 352.9 deg in 12.80 s.Therefore, even though the PDF

is rotating in a counterclockwise direction, a graph of phase
angle at the start of a sweep mode vs time would show the

Langmuir probe apparently precessing in a clockwise direc-
tion. A series of Langmuir curves that shows the dependence

of the anomaly on the phase angle is shown in Fig. 5. These

data indicate that the anomaly maximized at a phase angle of

about -55 deg.

As seen in Fig. 3b, the lock mode data indicate that some
type of interference, which we hereafter refer to as noise, was

affecting the Langmuir probe once every 1.6 s. The anomaly

in the lock mode data was present even during times when the

PDP was grounded to the RMS of the Shuttle Orbiter.

However, the magnitude of the resultinganomaly was reduced

in comparison to that seen during free flight.

Like the Langmuir probe measurements, the dc potential

measurements taken during free flightalso had an unexpected

character.As isshown in Fig. 6, the average potentialof the

spheres relativeto the PDP varied with the spin phase of the

spacecraft. In Fig. 6, the potential between the spheres and the
PDP varies by about 2.1 V over the spin cycle. At other times

during free flight, this variation in potential was as much as

3.0 V, depending on the local plasma conditions. The
variation in potential always reached its maximum positive

value when the phase angle of the Langmuir probe was about

-55 des.

Source of the Interference

Several reasons led us to believethat the noise detected by

the Langmuir probe during PDP freeflightwas not due to an

instrument malfunction, First,at allother times throughout

the mission, the probe appeared to function as expected, and

no anomaly was detected until data reduction had begun.
Second, noise seen by the dc Electric Fields Instrument was

coincident in time with the noise seen by the Langmnir probe.

Also significant was the fact that the Langmuir probe noise

recurred with a period of 1.6 s. This is important in that
several instruments on the PDP were designed so that one

complete "cycle" would require 1.6 s. As was mentioned

previously, the LEPEDEA is just such an instrument. The
temporal relation between the bias voltage on the LEPEDEA
and the bias voltage on the Langmuir probe is illustrated in

Fig. 7. The "ringing" detected in the lock mode data occurred

at precisely the times that the bias voltage on the LEPEDEA
switched from 0 to 2.2 kV. This, and the fact that, throughout
the mission, whenever the LEPEDEA was turned off, the

anomalies seen by the Langmuir probe and the dc Electric

Fields Instrument disappeared, led us to believe that, in some

way, the LEPEDEA was responsible for the anomalous data.
This suspicion was strengthened by the fact that the

phase-angle dependence, Fig. 5, shows strong indications of

being a dependence upon the orientation of the LEPEDEA. In
Fig. 5, we see that the Langmuir curves, which have an

anomalous character, occur between a phase angle of about

-110 and 30 dell. This corresponds to time when the

LEPEDEA phase angle was between - 53 and 87 deg. Sweeps
taken when the Langmuir probe phase angle was -55 deg

corresponded to times when the LEFEDEA was approxi-
mately in ram. Thus, the anomalies were largest when the

LEPEDEA was in the ram of the plasma flow and smallest

when it was in wake. The reason for this dependence will be
discussed in the next section.

Discussion

When working with laboratory plasmas, it is possible to use

an externally grounded electrode, whose potential will not
change, as a reference point for potential measurements.

_EmA_I4[ 0¢ !mOl"ENYl/Ik.

i|,1• •J| •is• •Jl| tm
,lu • • _,aa• • Ii li

0 _0 40 IO

TiMf._ _1_ 9J[C0_$_ STLq_'lle8 _ 213o 01_$S:00

Fig. 6 Averule dc potential of the PDP as measured by the de
FJectflc Fields instrument. The arrows indkate the tlmas when the
LEP£DEA Is 8ppruximateJy Jn rum.
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Fi 8. 7 Tempo_l relation belweea the LJngmuir probe and the
LEPEDEA bias voltages.

However, no such electrical ground is available when dealing
with a spacecraft in the ionosphere. In such a situation, we

must treat the system of the spacecraft and the instruments
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mounted on it as a "double probe," following the method

originally proposed by Johnson and Malter. 6 When two
probes are biased with respect to one another but insulated

from ground, the entire system will "float." An important

consequence of this is that the total current collected by the
system must be zero. That is, any electron current collected by

the system must be balanced by an equal ion current. In our

case, the condition that the system be floating is

l+,,_+li.,.,-l.,,_-le.,,. =O (I)

where li. _, I,. _, It. in,, and It. i_ are defined as the ion and
electron currents to the PDP spacecraft structure and the

instruments, respectively. We are able to obtain expressions

for Ij. ,_ and/,. _ in the following manner.
After release from the Shuttle, the PDP had an orbital

velocity of about 7.7 km/s. Analysis of the uncontaminated

Langmuir probe data indicated that the electrons had a typical

temperature of about 2500 K and a typical density of 1-5 × IO_

cm- 3, in general agreement with previous measurements. If
we assume that the ions and electrons are in thermal

equilibrium, we find that the thermal velocity of an electron
was about 180 km/s and the thermal velocity of atomic

oxygen, the predominant ion in the F2 region, about 1.1 km/s.
Since the orbital velocity of the PDP was approximately a

factor of 7 greater than the thermal velocity of the ions, most
of the ions would have impacted the PDP on the side facing

the ram of the plasma flow, the ion current thus consisting of

the ions swept out by the front surface of the PDP. The

equation describing ion current collection by the spacecraft is

It. = = A_en_uo (2)

where A_ is the front surface area of the PUP, e the charge of

the ion, nt the ambient ion density (we assume n I = n,), and uo
the orbital velocity of the PDP. Since the ion current consists
of those ions that are rammed out by the motion of the PDP,

we will approximate Ai by (2rk + 2r 'h '), where r, h are the

radius and height of the main body of the PDP, and r ', h" are
the radius and height of the "top cap," Fig. f.

The thermal velocity of the electrons is greater than the

orbital velocity of the PDP by almost a factor of 25.

Consequently, all surfaces of the PDP will collectelectron

current, not just the ram side.We assume that the electrons

had a Maxwellian distributiongiven by

fr(")= .. ],,,expLr j (3)

The electron current to the PDP at a potential V less than the

plasma potential lip, and measured relative to Vp, consists of
those electronswith energies greaterthan leVI thatstrikethe

PDP, and isgiven by

where A, is the surface area of the PDP that will collect
electrons, • the charge on the electron, n r the electron density,

k Boltzmann's constant, T r the electron temperature, and m r

the electron mass. Since the electrons may strike all surfaces of

the PDP, we approximate A, by (2=rr 2 + 2Trh ÷ 2rr'h ").

We now need expressions for [i. in and /,. ,,,. The cross-
sectional collecting areas of all of the instruments on the PDP

are several orders of magnitude smaller than A,; conse-

quently, we should be justified in neglecting I_. m, altogether.
The only instruments on the PDP expected to draw significant

amounts of electron current from the plasma, due to their

positive bias voltages, are the Langmuir probe and the
LEPEDEA. We can rewrite Eq. (1) as

_. _--Ie. _--[e. Ix--I( ,. LEP=0 (5)

where the subscripts pr and LEP refer to current collected by

the Langmuir probe and LEPEDEA, respectively. We can

solve the preceding equation to determine the potential of the
chassis of the PDP. Since the LEPEDEA has a very small

collecting area and its bias voltage is large only for about 0.3
s, during most of its 1.6-s operational cycle it should draw

negligible current from the ionosphere. Therefore, we will first

solve for the floating potential by setting It. LEP tO zero.
Substituting Eqs. (2) and (4) into Eq. (5), with 1,. LEP set to

zero, we find that the "floating potential" of the PDP is given

by

V + kT, f A,en,Uo - I,,e, ]
=--..-_- b, [ A,enr (k Tr/2rm,)Vz _ (6)

Using the values for nr, 7",, and the additional constants given
in Table l, we may determine the nominal floating potential of

the PDP once we know I,. m. Analysis of Langmuir curves
collected under the plasma conditions listed in Table 1 reveals

that the corresponding value of I_._ is approximately 14 #A,
which would give a value of -0.90 V for the floating potential

of the PDP. The resulting magnitudes of I,.sc and [_._ would be
about 93 and 107/_A, respectively. (Ignoring the presence of

I,._, i.e., setting l,.=r to zero, would have given a value for Ve
of -0.86 V. As we shall see momentarily, a change of 0.04 V

is about 2 orders of magnitude smaller than the effect that is
responsible for the appearance of the anomalous data.

Consequently, we would be justified in ignoring ,r,.m alto-
gether.)

We turn next to the intervals when the LEPEDEA voltage

was large and positive. As was mentioned previously, we
believe that the cause of the anomalous data discussed in the

preceding sectionswas somehow related to the operation of

the LEPEDEA. The most likely explanation for the appear-
ance of the anomalous Langmuir curves is that the bias

voltage of the Langmuir probe, relative to the plasma, was
changing unexpectedly during the course of a sweep. One

other possible explanation, that the conditions in the plasma

itself were changing, was not supported by data from other
instruments on the PDP. An examination of all anomalous

Langmuir curves showed that, by the time the Langmuir probe

bias voltage had stepped to 4 V, the cause of the anomaly
seemed to have subsided, as the remainder of the anomalous

Langmuir curve appeared nominal. Under the assumption

that whatever was responsible for the anomaly had completely

subsided by the time the probe's bias voltage was 4 V and that
the conditions in the plasma remained unchanged during the

course of a sweep, we were able to analyze the anomalous

sweeps as follows. The Langmuir curve shown in Fig. 8 was
taken when the plasma conditions were similar to those given

in Table i. In this figure, when the bias voltage of the

Langmuir probe was 9 V. the probe collected about 6 #A of
current from the plasma. Under normal conditions we would

not collectthiscurrent untilthe bias voltageof the probe was

7.3 V. Therefore, we conclude that, at the time the probe bias

voltage was supposed to be 9 V, relative to the original
floating potential of the PDP, it was actually 7.3 V. As is

shown in Fig. 9, this procedure allowed us to determine the

potential of the PDP, relative to the original floating

TaiMo ! Coaslamts ust,d in the calculation of the floatin8 potentlad

Geometry of satellite:
Electron collecting area A,, mz
Ion collecting area A, m:
Height of main body h, cm (in.)
Height of "top cap" h ', cm (in.)
Radius of main body r, cm (in.)
Radius of "top cap" r', cm (in.)

Orbital parameters:
Electron density n,, x 10_ cm -)
[on density n,, x l0_ cm"
Electron temperature 7",. K
Orbital velOcity of PDP Uo, km/s

4.395
0.830

66.04 (26)

21.97 (8.65)
53.34 (21)

28.58 (11.25)

I
1

2500
7.7



68 A.C.TRIBBLEETAL. J. SPACECRAFT

-31 _:..%
lU_TICIPMED "_N&L" CURVE

o71 i , ',,_ ........ •

9 7 5 3 ' -_ -3 -5

B,AS VOt.TAGE I v )

Fig. 8 [llustrnlion of the method used to determine Ihe uctuel

Langmuir probe bins voltuge, relitive to the originul flouting poteotill

oi' the spacecflift.

potential, as a function of time. (This cannot be done with the

average dc potential measurements by the E-field spheres,

since the dc potential is sampled only once every 1.6 s.) The
potential of the PDP dropped for about 0.2 s after the

beginning of a sweep and then spent the next 0.2 s recovering

to its original value. The implications of this are as follows.
Recall that the current balance equation, Eq. (5), must be

satisfied at all times. We have four currents contributing to

current balance. 1_._: is a constant, independent of the floating

potential of the PDP, l,.x depends on the floating potential,

which we can determine as in Fig. 9, and I,._ was measured
directly. This allows us to solve for our one remaining

unknown, l,.cee. A graph of l,.Lee as a function of time,

assuming the plasma conditions given in Table I, is given in
Fig. 10. Time t = 0 is the time when the bias voltage on the

LEPEDEA switches from 0 to 2.2 kV. Due to the sampling

rate of the Langmuir probe data, 120 Hz, we were unable to

determine the form of l,.ce e between 0 and 0.050 s. Cortse-
quently, this portion of the graph has been left blank. Also,

we were unable to obtain/,.Lee after about 0.4 s, since it was

difficult to establish with any accura_ when the predom/nant

source of electron current changed from l,.Lm" tO I,._.
In spite of these difficulties, the significance of Fig. I0 is

that it shows conclusively that the LEPEDEA must be

drawing significant amounts of electron current from the

ionosphere. At time t = 0.2 s, the LEPEDEA is drawing about

I00 _ of electron current, compared with 107 _ for the

magnitude of 6.w Thus, the LEPEDEA current is large
enough that the potential of the PDP must drop by several

volts in order to maintain current balance. [n the example
presented here, n, =- I × I05 em -3, T, =- 2500 K, the potential
of the PDP dropped by about 4 V. However, in some cases,

when the Langmuir probe phase angle was about - JJ dell,

the resulting Langmuir curves indicated an even larger drop in

spacecraft potential, Fig. 5. Also, by comparing the magni-
tude of the noise seen in the lock mode data during these

worst-case events with the noise seen when the plasma
conditions were similar to those in Fig. 8, we believe that, in

some eases, the potential of the PDP may have dropped by as
much as I0 V.

The previous discussion indicates that it is current collection

by the LEPEDEA that is responsible for the anomalous data

reported by both the Langmuir probe and the dc Electric
Fields instrument. We must now show that this can explain the

actual appearance of the anomalous data and also the

dependence of the anomaly on the phase angle. We begin with
a discussion of the Langmuir probe sweep mode data. As was

shown in Fig. 7, the bias voltage on the LEPEDEA switches

from 0 to 2.2 kV at the same time that the Langmuir probe

enters the sweep mode. However, as was shown in Fig. 9, the
maximum change in spacecraft potential does not occur until

0.2 s after the startof the sweep. This 0.2-s delay occurs

because at time t =0 the bias voltage on the LEPEDEA

switches from 0 to 2.2 kV and remains at thislevelfor 0.2 s.

The situationis similarto what happens when one charges/

rl_ 2130_ I_ 3S
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i
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Fig. 9 Potentiul of the Langmuir probe and the PDP relntive to the

originM flouting potential.
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i
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Fill. lg Predictel vMue of the LEPEDKA elem_,, current, l,.uce, vs
lime. Time t - 0 eorresl_ods to the lime when tile L[PEDEA bias
vollile switched fro,, e to 2.2 kV.

dischargesa capacitor.At t = 0, the LEPEDEA bias voltageis

large and positive,thus the LEPEDEA can draw a large

electron current from the ionosphere and the PDP begins to

charge to a negative potential,At t = 0.2 s,the bias voltage on

the LEPEDEA begins to decrease, Consequently, the electron

current collectedby the LEPEDEA also decreases and the

PDP begins to "discharge" to itsoriginalpotential,

As can be seen in Fig, 9, the PDP potential wave form

appears "rounded off" at earlytimes. We have examined the

possiblilitythat thisrounding could be relatedto a spacecraft-

plasma circuit,Based on an electron densityof I × I0_ cm -_,

we calculate a plasma sheath resistance of about I0 k{],

ignoring magnetic fieldeffects.If the rounding off of the

spacecraft potential waveform occurred because the current to
the spacecraft could only vary with a time constant given by

r-L/R,,O.2 s or _-RC=O.2 s, for a simple circuitthis

would requirevalues for the inductance L or the capacitance

C, which are unrealisticallylarge.Similarly,an examination

of the Langmuir probe circuitgives no indicationthat any of

itscomponents could be responsible for producing the effect

either.We have been informed that the LEPEDEA voltage

form was nominal in the high-voltagerange during the time of

observation,_ consequently, a satisfactoryexplanation of the

PDP potentialwaveform islacking.

The appearance of the lock mode (6-40 Hz) data is

understood as follows. As was shown in Fig. 9, we were able

to deduce the potential of the chassis of the PDP, as a

function of time, after the voltage pulse to the LEPEDEA.

Consequently, we also know that the actual biasvoltage of the

Langmuir probe would be, relativeto the plasma, during the

lock mode. This isshown in Fig. I la, where time t=0 again

corresponds tothe startof the voltagepulse on the LEPEDEA

and the plasma conditions are those given in Table I.Using a

nominal Langmuir curve, Fig. 2a, we then determine the

current collectedby the Langmuir probe during the lock mode

by reversingthe processillustratedin Fig.8.The current curve

in the lock mode isshown in Fig. IIb for the initial1.0s of the

1.6-s cycle of the LEPEDEA voltage. By taking the fast
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current collected by the Langmuir probe durinll Io(h mode (b). Time
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Fourier transform of these data, Fig. IIb, we then isolate the

contribution of the 6-40-Hz components, see Fig. 12. In
comparing Fig. 12 with Fig. 3b, we notice that the general

oscillatory form seen in Fig. 12 is very similar to that seen in

the actual data, although the finer details appear somewhat
different. We should note that, in an attempt to recreate the
r/aging seen in Fig. 3b, we have ignored the presence of any

rapid density fluctuations, and, thus, cannot expect our

prediction, Fig. 12, to agree entirely with the actual data,

Fig. 3b.

Next, we need to explain the dependence that the anomaly
has on the orientation of the PDP. As was previously

mentioned, the magnitude of the anomaly recorded by both
the Langmuir probe and the dc Electric Fields instrument
maximizes whenever the LEPEDEA is in ram. We would

expect the LEPEDEA to draw less current when the local
electron density, i.e., the electron density near its opening, is

small, and more current when the local electron density is

large. If we ignore I,. w, we may rewrite Eq. (5) as

[,.Lee-e n:(e) f(V)

=en,(A#o-A,[kT,/2zm,]½ exp[eV/kT,]) (7)

where n_(8) is the local electron density "seen" by the
LEPEDEA, 0 the LEPEDEA phase angle, and f(V) some

function of its bias voltage, It is well established that the wake

of an ionospheric satellite is a region of depleted electron
densities. Therefore, when the LEPEDEA is facing the wake

of the PDP, the local electron density, n_(0), will be

significantly less than the local electron density seen in ram.

Thus, the magnitude of le.Le p when the LEPEDEA is in the
wake will be correspondingly reduced and current balance will

be achieved with virtually no change in spacecraft potential.

Consequently, no anomaly is detected when the LEPEDEA is
in the wake.

Finally, the measurements of the average potential on the

E-field spheres, relative to the chassis of the PDP, can also be

easily understood. With the LEPEDEA voltage pulsed to 2.2
kV, the potential between the PDP (which becomes more

negative) and the spheres (still close to the original floating

potential) must increase. We note that this potential measure-
ment was taken once every 1.6 s and always 0.166 s after the

LEPEDEA voltage pulse. We can compare the potential

change measured by the dc Electric Fields instrument with
that determined from the Langmuir probe as in Fig. 9. In so

doing, we find that the former is generally somewhat smaller

6"40 "t ¢._t_')ONEt(rS, ,.,gcK 'aOOE CO_mEsr

0 _3 0 0 _3 (30

Fig. 12 Computed lock mode output from the 6-40-Hz channel.
Time t =0 corresponds to the time when the LEPEDEA bias voltage
switched from 0 Io 2."_kV.

than the latter, an effect due to low-pass filtering in the dc

Electric Fields instrument. The Langmuir probe measure-

ments and the dc potential measurements are, however, in

general agreement.

Conclusions

Our experience suggests that an exposed, positive high-

voltagesource on an ionospheric satellitecan act as a source of

electron current to the spacecraftchassis.This may, in turn,

affectthe operation of other instruments that use the chassis

of the satelliteas an electricalground by altering the

spacecraft potential.This change in spacecraft potential is

dependent upon the orientation of the high-voltage source,

relativeto the plasma flow. Itisbelieved thatthisproblem can

be minimized in the future by placing a grounded grid on the

opening of the high-voltagesource so as to limitthe collection

of thermal electrons.

The factthatthe effectwas also detectablein the lock mode

data when the PDP was grounded to the Orbiter indicates that

the pulse of electron current collected by the LEPEDEA was

sufficient to change the potential of the Shuttle by a small, but
noticeable, amount. Most of the body of the Shuttle is covered

with an insulating material. The area of the Shuttle believed to

be most responsible for current collection is the main engines.
Because the surface area of the main engines is approximately

one order of magnitude greater than that of the PDP, the

current pulse to the LEPEDEA may have shifted the potential

of the Orbiter by as much as -1 V when the main engines

were in the Orbiter's wake. If the potential of the Orbiter had
shifted by more than - 1 V the appearance of the Langmuir

probe sweep mode data would have been affected. Since this

did not occur, -1 V is an upper bound on the change in
potential of the Shuttle.
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Orbiter Environment at S- and Ku-Band Frequencies
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Detailed measurements of the electric field strength associated with the Ku-band radar end S-band communi-
cation link were made by the Plasma Diagnostics Package iPDP) on STS 5IF. These measurements were made

while the PDP was attached to the Remote Manipulation System arm and again while the PDP was released is a
subsatellite. The results indicate that cargo elements that ram•i• inside of the scan limits of the radar should ex-

perience fields lessthan 2 V/m and thai elements thai may encounter the main beam can use300 V/m as • design
guideline with adequate safety margin. S-band fields tended l• he several dB lower than worst case predictions.

Safe design practice indicates that •• electric field E - 10O/r (r in meters) should he used •s • guideline for

deployable systems. S-bend electric fields within the cargo bay envelope should he < 2 V/m even with edge dif-
fraction effects and reflections from other payloads liken into account, The absolute accuracy of these measure-
ments is - 2 dB.

I. Background

HE Space Shuttle Orbiters were designed to haul cargo
into orbit as well as retrieve it from orbit. Because the

cargo can be extremely varied in its application, a great
effort has been made to define as much of the environment as

possible in and near the Orbiter in launch, orbit, and landing
phases. By knowing precisely what environment to expect, en-

gineers can appropriately design the payloads to operate safely
and reliably within that environment.

The Plasma Diagnostics Package (PDP) is a cluster of four-
teen instruments designed primarily to define the way in which

the Orbiter perturbs the natural plasma environment. A com-

plete description of this instrumentation may be found in
Shawhan._ Since plasma-wave instruments were part of the

cluster in the PDP, measuring electric and magnetic fields to

approximately 200 kHz, it was logical to use the PDP to

measure Orbiter-induced electromagnetic interference (EMIl
as well. The wave measurements were therefore extended in

frequency range to measure fields generated by the OrbiterYs

intentional transmitters. An S-band receiver was added speci-
fically to measure field magnitudes due to the PM and FM
communication link. Shawhan 2 summarizes the EMI results

obtained from the PDP wave instruments on the third test

flight of the Orbiter Columbia (STS-3).

Detailed measurements at S-band communication frequen-

cies on STS-3 indicated that field strengths were on the high
side of predictions but with an uncertainty factor that made a
refined set of measurements desirable) The S-band detector

system was upgraded, and a receiver was added that had the

ability to measure the fields of the Ku-band integrated radar
and communications link. A detailed description of this hard-

ware, referred to as the KUSR, may be found in Murphy' and
a brief overview is given in Sac. 11.

Upon completion of the hardware calibration and integra-

tion, the PDP was reflown on Challenger 5IF (Spacelab 2),
and a number of specific experiments were implemented to

characterize the S-band and K,-band links. These experiments
are described in Sac. III.

Received Feb. 9, 1987; revision received June 16, 1987. Copyright
© American Institute of Aeronautics and Astronautics, Inc., 1987.
All rights reserved.

"Antenna Engineer. Department of Physics and Astronomy.
Member AIAA.

tEMC Engineer. Member AIAA.

Before engaging in a detailed discussion of the experiment
and results, it will be appropriate to review briefly the Or-

biter's S-band and Ku-band communications system.

Challenger S-Band Communication Link

There are several communication systems in the S-band fre-

quency range, but only the one with highest power output is of

concern for our measurements. This system, the CW phase

modulated link, operates at a frequency of 2287.5 MHz
through the four S-band "Quad" antennas located above and

below the cabin area. It should be noted that the configuration

of the antenna beams has changed from that which was

measured on the STS-3 mission. The configuration on the Co-
lumbia allowed the selection of one of four antenna beams

mounted in equal quadrants at four points around the crew
cabin. For the Spacelab 2 mission, the Orbiter Challenger had

been modified to provide eight possible antenna beams.

The eight beams are created by the use of four sets of wave-

guide slot antennas that are centered about four points around
the circumference of the cabin area. See Table I for the loca-
tion of these antennas in Orbiter body axis coordinates. By

properly phasing each set of antennas, a broad beam can be
made to point slightly forward or slightly aft of the Z axis.
Since the antennas are located at angles of approximately 45

deg to the X-Y and X-Z plane, they are referred to as upper

left fULl, upper right fUR), lower left (LL), and lower right

(LR) antennas. (See Fig. I for a definition of the coordinate
system used.) In addition, the designation "F" or "A" (e.g.,

ULA) is added to indicate, for a given antenna, whether the

forward or aft pointing beam is selected for a specified antenna.

Table 1 QulKI antenna locations a

X Y Z

UL - 551 -71 -472

UR - 551 +71 -472

LL -556 -96 -295

LR - 556 +96 -295

aGiveninOrbitetbodyuiscoordin_es.
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The high-frequency mode (2287.5 MHz) has the highest out-

put power of all the possible S-band links and was selected
when the KUSR made its measurements. The maximum

measured output power of the high.frequency PM [ink trans-

mitter is 163 watts (52 dbm). With 3.5 dB minimum cable loss,
the maximum power available to the antenna is approximately
73 watts. (Measured cable loss varied from -3.5dB to

- 3.gdB.) Considering the maximum predicted gain of anten-

has at boresight is 7.1 dB (power ratio 5.12), the maximum ex-
pected field in a limited solid angle would be

E(V/m) = (l/r)[(l/41r)P . G • Z] _

where P = transmitting power (watts), G = antenna gain, Z

= free-space impedance, 377 fl and r = distance (meters).

It is this worst-case electromagnetic field estimate that the
experiment attempts to verify.

Shuttle K_o.Band Radar nnd CommuntkaUons Syslen

Since the Orbiter uses the same amplifier and parabolic

antenna for operation of itsTDRS data link (15.0034 GHz

CW) and itsradar link(fivefrequencies between 13.779 GHz

and 13.987 GHz pulsed) and theirpeak output isessentially

the same, itissufficientto measure one or the other to deter-

mine worst-case fields.The radar fieldislinearlypolarized in

itspassive mode, whereas inthe communication mode the po=

larizationis circular.Because of the flexibilityof the radar

system and the factthat itwillbe tracking the PDP whileitisa

free flyer,itwas decided to make all measurements in radar

mode. All detailsof the radar system may be obtained from

Ref. 5 but are given below ina summary form.

The K..band radar and communications system is folded

insidethe payload bay for ascent and entry and deployed over

the starboard sillnext to the forward bulkhead when in use.

Detailsof the antenna pattern and itspredicted fieldswillbe

discussedin Sec. IV. The antenna has a 2-axispositionerand is

pointed by rotation around a pivot point 21 inches from the

antenna centroid when tracking satellitesbut employs an ad-

justable "obscuration mask" to prevent itspointing at certain

elements of the Orbiter and into the payload bay.

The radar system isdesigned to track a standard Swerling

targetfrom approximately 30 m (I00 ft)to 35 km (20 n.mi.).

Since thisis a range-gated radar, both the pulse width (pw)

and pulse-repetitionfrequency (pro are variabledepending on

the targetdistance.Table 2 liststhe various pulse widths and

prf'savailabledepending on target distance and whether the

radar isin itssearch or track mode.

in order to minimize scintillationeffects,the radar fre-

quency isautomatically varied over the band indicatedabove

Table 2 Signal psnlmeters for RR radar and radar power output

RR Radar

Mode Range (n.mi.) prf pw (_s)

Track > 9.5 2987 33.2

3.8 -- 9.5 6970 16.6

1.9-- 3.8 6970 8.3

0.95 -- 1.9 6970 4,15

0.42-- 0.95 6970 2.07

< 0.42 6970 0.122

Search > 0.42 2987 66.4

< 0.42 6970 o. 122

Radar Power Output

Maximum
Output Near

Mode (Radar) Power Level Field (V/m) a Far Field e

Hi power 70 watts 280 c 2320/R

12 dB pad 4.4 watts 70 583/R

24 dB pad 0.3 watts 17 146/R

TWT bypass - 4 mwatts 3 26/R

aMvamum in Communication Mode is 300 V/re. bBelg_ at - 77 m from

dish. tin Fresnet Zone extendin8 to - 10 m.

in steps that are 52 MHz apart giving the following opera-

tional frequencies: 13.779, 13.831, 13.883, 13.935, and 13.987

GHz. This frequency switching happens rapidly compared to

our KUSR measurement cycle and will not be important in
data analysis.

Because there is a wide range in the possible return power

(depending on target size and distance), it would be difficult to
design the front end of the radar receiver section to handle

such a dynamic range. Thus several output power levels are

available. The power levels of these modes and the predicted
field strength in the main beam at a distance of 100 m are con-

rained in Table 2. The output power depends not only on the

distance to the target but also on the radar mode selected. By
choosing the proper mode, the PDP was able to make meas-
urements of the radar beam even when it was too close to the

orbiter to be tracked by the radar.

!!. KUSR Instrumentation

The K.-band/S-band receiver (KUSR) built and integrated
into the PDP for the Spaceiab 2 mission was designed and cali-

brated with the goal of measuring the S-band and K.-band

fields to a precision of i dB. This goal, since it was quite ambi-
tious, could not be achieved, but accuracies on the order of 2

dB were attained, Although a complete and detailed descrip-

tion of the system is not within the scope of this paper (see
Ref. 4), itis appropriate for the reader to have some basic

understanding of the instrument.

The Ku-band subsystem consistsof an optimal gain conical

horn coupled to two orthogonal linear probes in a circular

waveguide. The RF probe output isconverted to DC through a

zero-bias Schottky detector. This detector output is then

routed to dual amplifier/peak detector systems, one high gain

and one low gain. The outputs of both channels are mul-

tiplexedwith S-band data and sampled by the PDP telemetry
encoder at the rate of l0 Hz. Table 3 contains data on the sen-

sitivity of this system.
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The S-band subsystem differs somewhat from that which

wA_ flown on the STS-3 mission. A broadband, low-gain,

ndgea-gmae horn was used for an antenna. Output was mixed

to IF with a 2.20 GHz L.O. and the signal detected by both a

linear detector (diode type), where output voltage was propor-
tional to measured E-field, and a log detector. In front of the

log detector was a bank of four filters; 25-65 MHz, 65-165
MHz, 165-400 MHz and 400-800 MHz, whose outputs were

multiplexed to the log detector. Since we are only interested in
the 2287.5 MHz PM link, only the output from the second

filter (65-165 MHz) will be used in this report.

The test program for calibration of the KUSR was designed

such that all absolute calibration ultimately depended on the

accuracy of three things: 1) the repeatability of a measurement

setup, 2) the absolute calibration of a power meter, and 3) the
absolute accuracy of a standard gain horn. Table 4 delineates
the instrument calibration error budget.

Calibration of the Ku-band subsystem was done for otho-

gonai linear polarizations, for five radar frequencies, and at
all nominal pulse widths expected. These calibrations were

performed in an anechoic chamber and compared to data

from a standard gain horn. The system is slightly less sensitive
at the lowest pulse width (0.122 _ts) but becomes flat above

that 1.5 _s. There is no frequency sensitivity because the radar

changes frequencies rapidly compared to the peak detector

sample rate. Only the frequency to which the system is most
sensitive determines the output response on orbit.

By combining output from both polarizations, the total E-

field may be determined independently of rotation about the
line-of-sight axis to the source.

The S-band system was also calibrated in an anechoic chain.

ber against a standard gain horn and its sensitivity is sum-
marized in Table 3.

Both the K u-band and S-band antenna patterns were plotted

in azimuth and elevation so that measurements made at angles

other than boresight could be reliably used in the analysis. In
all cases these chamber measurements were made with the

KUSR integrated into the PDP and with the PDP in its flight
configuration.

IIL Experiment Objectives

As with allexperiments on Spacelab missions, detailedpro-

cedures, requirements, and configurations are determined far
in advance of a mission and then timelined as resources will

allow. The following Functional Objectives (FO's) defined the

goals of the KUSR experiment on PDP. These are met either

by maneuvering the PDP on the RMS or by making measure-

ments of the generated fieldswhile the PDP issome distance

away as a free-fiyingsatellite.

F04A_K,-bend EMI

The RMS sequence pictured in Fig. 1 is used to move the PDP

along the payload bay at a level near the top of the cargo

doors. (The coordinate system used in Figs. 1-3 is the Orbiter
Body Axis System (x/foreward, y/starboard, z/down). The

origin of this system is the nose of the external tank.) The

radar dish is pointed over the payload bay (elevation + 60, azi.
muth + 50) at the edge of its allowable scan limit. The shaded

portion of Fig. I depicts the beam at thisscan angle. Low-

power mode ischosen for the firstpart of the scan while the

PDP continuously points its receiving antenna at the dish,

During the lasthalf of the scan, the PDP isrotated and points

itsreceivingantenna at the verticalstabilizerallowing possible

measurement of reflected fields. High-power mode was

selectedfor thissegment of the scan. This FO allows the in-

strument to characterizethe worst-case electricfieldsexpected

near the cargo-bay envelope.

K04B---K.-band Antenna Pattern--Near Field

The RMS sequence depicted in Fig. 2 is used to make direct
measurements of the near-field radar beam. The radar is

pointed up the =Z axis of the Orbiter, and the PDP scans along

the beam axially from approximately 2.5 m (8 fi) to 10 m (35 ft).

Table 3 K,-band and S-hand _nsitivlly

Ku-Band, Single Channel

Hi gain 13.887 GHz 2.07 _,s pw
0.8 V/m ......................................................... 4 V/m a

Lo gain
3.5 V/m ....................................................... 63 V/re'

S-Band

Log detector 2287 MHz
- 42 dB V/m ................................................. + 29 dB V/m

(0.008) V/m ........................................................ (28 V/m)

Linear detector 2287 MHz
- 18 dB V/m ................................................. + 13 dB V/m
(0.126 V/m) ..................................................... (4.45 V/m)

'Variation exists between the 2 polarizations. These data are typical.

TaMe 4 Instrument thor budset

Source of Error

Magnitude of Error(dB)

K.-Band S-Band

Setup repeatability ± 0.$ _-0.5

Gain of standardhorn _-1 4.I

Calibrationof detector -_I ± I

Mismatch detector/

antenna _-0.5 -*-0.5

Sensitivity 4. 0.25 (typ) .,. 0.6 (typ)

Temperature correction 4- 0.2 4. 0.5"

ToUt/RMS error

± 1 dB desired -.- 1.6 dB 4. 1.76 dB

aLo8 Detectorwas not c_itmued over tempmum.

800 .,,

_00

FO4B TEST lOCATIONS

..__'t_o, _;i:ill I

re00

-It

Fill. 2 The 4B san sequence used to determine new-fleld strensth of
the cedar beam.

At distances of 8 m (25 ft) and 10 m (35 ft)(points B and C in
Fig. 2), the PDP is moved in X and Y to scan the beam

radially. This scan was performed with the radar in both low
and high power.
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S00

-eOO

900

-!

F04C TEST LOCATIONS

1800
-1

Fig. 3 The 4C scan sequence used to survey fleJds a.uociated with
Quad aft beams (2287.5 MHz.).

F04C--S-band Fields Near the Payload Bay

Figure 3 illustrates the RMS sequence used for this field
survey. This is essentially a repeat of the experiment per-
formed on STS-3. The scan is executed twice, once with the

ULA beam selected (2287.5 MHz) and once with the URA

beam selected. The small arrows in the figure indicate the

pointing direction of the S-band horn.

F08--S-bnnd Antenna Patterns

Figure 4 illustrates the objective that came to be called the
"F08 roll." Since there are eight possible antenna beams on

the Orbiter, it is desirable to get as much pattern information

as possible on all of them. The PDP was a free-flying, spin-
ning satellite, and the Orbiter was stationkeeping at - 90

meters along the velocity vector in front of PDP. Once sta-
tionkeeping was established, the Orbiter started a slow roll

about its X-axis (0.75 deg/s). By selecting the proper antenna+

a 90-de8 scan of each of the eight beams was performed over

a period of two complete rolls.
Another KUSR measurement goal, although not

flight-test data are within approximately 3 dB of the theoreti-

cal prediction and in all cases are lower than the predicted
value. Error bars on the POP mcmsurements would be -_ 1.6 dB.

easilyobtained because the orbitertracks the PDP during its

free-flightat distancesup to approximately 0.5 kin,

IV. Results of K,-Band Measurements

F04A was executed only one time, but the results are signifi-
cant in that they provide guidelines for the EMI design specifi-

cations of hardware to be carried in the payload hay. During

the first half of the scan depicted in Fig. I (A-8-C), the
antenna, positioned against software limits at az-50 el-60, was

operated in low power. No fields above the level of instrument

sensitivity were detected (< 2 V/m) even though the PDP
receiving antenna was directed toward the K_-hand radar dish.

It should be noted that the original goal of pointing the radar

directly at the vertical stabilizer was not achievable. Some
higher reflected fields may have been expected in that case.

During the second half of the scan (C-B-A}, the radar

antenna was operated in high-power mode. The only time any

field above noise level was detected was at position C, where
the PDP measured fringe fields associated with the beam per

se. It should be noted that during this second half of the scan,

FO8 ROLLt _T _ SCALE}

FII. 4 Conflluratiou for the FO8 roll.

KU-BANO FIELD ANTENNA SCAN
is

_*ELO

9 s,r m(VvGTw4

_Z

i_°
:sm:m _j t2_ _

'G Q, .a_

d

0
40 40.2 40.4 4G.6 40.8 44 41.2 41.4 41.6 41.8 4_)2

TIME ( MINUTES )

FI8. S Reid strength measured during FO4B scan.

the PDP receiving antenna was pointed in the general direc-
t/on of the aft cargo bay and vertical stabilizer to look for

reflected fields. The fact that no signals were detected implies

that fields associated with power reflected from developing

sidelobes many degrees from the main beam are negligible.
FO4B results discuss off-axis intensity in more detail.

Results of the above experiment would seem to confirm that

instruments operating entirely within the obscuration mask or
scan limits should not experience fields in excess of 2 V/re.

Within the primary beam no reflections from other payload

bay elements would seem to contribute enough to the field in-
tensity to be of concern if instruments are not sensitive to 2

V/m fields. However, any instrument that is operated outside
of this protective envelope should design to fields associated
with the main beam.

The purpose of F04B was to measure the fields associated
with the near-field beam. Figure 5 is a plot of the intensity of

the K_-band electric field in low-power radar mode and the ax-
ial distance from the center of the radar dish as a function of

time for the first execution of F04B. As can be seen in the

figure, the field is not strongly dependent on distance along
the beam center, The intensity has a minimum at a distance of
- 7.5 m and a broad maximum of - 11-12 V/m from 10-12

m, Although two scans were done with thisRMS mode, only

the firstscan, done in low-power mode, is plotted in Fig. 5

sincethe second scan, which was in high power, saturated the

instrument when itwas on axisof the antenna. Assuming the

specified24 dB differencebetween low and high power shown

in Table 2, the maximum expected electricfieldin the near-

fieldbeam interpolated from the data would be - 190 V/re.



JAN.-FEB. 1988 ORBITER ENVIRONMENT AT S- AND Ku-BAND FREQUENCIES 85

_0 [

KU - BANE) OFF- "xtS
SC,_N D_TA

i r • I 1.6 METERS

( STAReoARD SCAN )

..... ¢ • 8.4 METIERS
{ AFT SCAN )

i

I .... GROUNO TEST DATA

_ ,

w

'\ \

\ 0,_ °

"l
O.I ' ' '

0

Fig. 6

OFF-AXIS DISTANCE (METERS)

Nelr-fidd oll-lUdl scla dila.

Figure 6 illustratesthe radialdependence of the electricfield

intensityas the RMS scanned the PDP perpendicular to the

beam axis,The figureisa compilation of data from 2 scans,

For reference,data taken during ground testing6 at a distance

of 8,4 m isalso shown in Fig. 6.

A look at the raw data taken during the second F04B scan,

which had the radar in high-power mode, reveals some in-

terestingcharacteristics.Figure 7 plotsthe totalmeasured field

as a function of time. The two largedips in the fieldare the

manual X and Y off-axis scans. The actual fields plotted are
incorrect except during these X and Y scans because the instru-

ment is in saturation (the actual field should be - 190 V/m
based on low-power scan data). Several conclusions can be

drawn from thesedata. The apparent increasein the totalfield

at the beginning and end of the Y-scan indicatesa shiftin the

polarization.This isnoticeablebecause of a differencein sen.

sitivityof the orthogonal detectors,At an angle of 6,5 dell

away from the main beam, the fieldisstill18 V/m, yet a closer

distance and 5 deg from the beam, the fieldisbelow the level

of sensitivityof the low-gain detector,Itisalso interestingto

note the apparent variation in intensityfrom time = 28 to

time = 32. This change (a result of increasing the distance

from the dish)isnot only a realamplitude change but also in-

dicates a polarization shift,The X-scan is noteable because

small "sidelobes" are beginning to form at thislocation,Itis

not cleariftheseare realor an artifactof multiple reflections

between the probe (PDP) and the dish,

Additional measurements of the Orbiter's radar were ob-

tained during the free-flightportion of the PDP's experi-

ments, At distancesgreaterthan - 200 m (640 ft),the radar is

in high.power mode during passive track and additionaldata

points on the beam intensitywere obtained at severaldis-

tances. Figure 8 isa plot showing the superposition of a theo-

retical25 dB Taylor distribution,Rockwell ground testdata,

and the points obtained both during F04B and free flight,

[Figure8 ground-test data ran "7.26dB below a "hot" (hypo-

thetical)system that would have I) the highest output power

of any production TWT, 2) the leastobserved waveguide loss,

and 3) the highest antenna gain ever measured. There are

natural variationsin these parameters between systems,[ The

flight-testdata are within approximately 3 dB of the theoreti-

cal prediction and in all cases are lower than the predicted
value. Error bars on the PDP measurements would be

± 1.6 dB.

Discussion of the comparison between the measured values

for K=-band electricfieldsand design specificationswill be

continued in the summary section.
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V. Results of S-Band Measurements

RMS test objective 4C, which was discussed in Sec. Ill,

resulted in tabulated values of electric field intensity at several

locations in and over the cargo bay. The RMS sequence was
executed twice with either the URA or ULA quads selected
since they produce the worst-case fields in and around the

cargo bay. Table 5 summarizes the results of the measure-

ments at each of the test locations shown in Fig. 3. These data

have been corrected for the receiving antenna directivity, but it

should be noted that the receiving antennas are linearly polar-

ized and the transmitting antennas (quads) are circularly po-
larized. This imples that t'he total E-field at boresight is 3 dB
greater than we measure.
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Table $ FO4C Summary

Antenna Antenna

RMS Distance Angle from Measured directivity Equiv. Directivity Far-field
Point from boresight field correction E-field correction constant'

(Fig. 3) XMTR (m) (deg) dB (V/m) (PDP) dB V/m (XMTR) dB k Er

A 16

B 14.3

C 9.2

D 6.0

E 6.9

A 16

B 14.3

C 9.3

D 4.1

E 7.0

Upper Left Aft

70 -4 1.35 +0.1 0.74

58 4 2.7 4. 0.5 2.2

54 11 1.05,0. I 4.0

86 5 5.8 = 1 3.5

64 4 3.5 • I 2.4

Upper Right Aft

69 -6 1.3.0.1 0.58

56 2 2.5.0.3 1.7

51 8 1.2.0.1 2.9

31 17 1.15,0.1 8.1

60 8 2.4 4- 0.5 3.3

64.1 23.5

64.1 61.7

54.1 65.1

8.5,1 55.4

6,1 32.6

54.1 16.6

4.1 38

2*0.5 33.8

1,0.5 37.4

4,1 36.7

aNot corrected fo¢ polarization Iou.

J. SPACECRAFT

Column 8 in Table 5 shows the value of k = E • r calculated

for each measurement point, where r is the distance between

transmitter and receiver. Note that for measurement angle, far

from bore,ight (point* A and E for URA and point* A, D, and

E for ULA), there tends to be some divergence from the trend.
This is consistent with the purity of the polarization from the

transmitting antenna degrading at angle, from bore,ight.

Measurements taken at small angle, from bore,ight give the
best indication of the output of the transmitting antennas;

however, measurement* at larger angle, from bore,ight do

provide a realistic assessment of the fields encountered by a
single linear polarized aperture at these locatiom. It would be

wise for the designer to assume all of the power from the

transmitting antenna, Pl, not Pt-3 dB, is available to excite an
aperture of any given orientation at these point, in the cargo

bay.

Measurementt made during Orbiter back.away after PDP
release provide the best measure of the E. • constant. Figure 9

is an illustration of the data taken during thb maneuver.

(These data have not been corrected for polarization loss.) The
PDP was released from the RMS at 213:00:10:00; at

213:00:12:03 the Orbiter began a series of thnuter firin@ that

caused it to separate from the PDP at a rate of - 0.5 ft/s.
Within 30 seconds after release from the RMS, the PDP began

to slowly spin up. This generated the spin modulation evident

in the data of Fig. 9. Figure 9 has been fitted to a klr curve,
where the be,t-fit value of k is 3 L. 1 4. 0.5. Correcting for the 3

dB polarization loss, the expected value of electric field from

an upper quad antenna (it is not known if it was ULA or
URA) is E = 62/R. These data are in close agreement with

Fog roll data for the ULA antenna discussed below.

In order to obtain measurements on all eight antennas, the

FO8 roll maneuver (see Sac. lid was performed at a distance
of approximately 90 meters from the Orbiter. Figure 10 illus-

trate, the data taken during this objective. (The peaks are a

result of the 13 s spin period of the PDP modulating the
receiving antenna gain.) The PDP was located at a distance of

about 90 m behind and slightly to the aft of the Orbiter. The

roll maneuver about the Orbiter X axis thus produced a good
principal plane scan of the aft beams but did not pass through

the center of the forward pointing beams. The minimum angle
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Table6 FOg 5-band fields

÷ 3dB
Antenna Peak field Distance Angle from polarization
Selected measured (m) boresight" k = E.r loss

dB (V/m) (± 5) (des) (XMTR)

would not be unreasonable to expect reflection enhancements

to be as high as 50% over that of the primary source. Several

dB margin of error over the measured E/R constant should be
allowed to account for field enhancement from these reflec-
tions.

ULA -10 93 0 ± 2 29.4 58.8

LLA -9 92 0 • 2 32.6 65.2

LRA -9 91 2 *: 2 32.3 64.6

URA -12 86 3 2 2 21.6 43.2

aClosestapproachof pltlernCross_egtlOnto transmitterboreslSht.

:[

0.5

o
45

i i
4S.S 46

TIME ( MINUTES )

_1. 11 Stranding wive plttero observed u the PDP was moved from
Io_ltion D to E of F04C scan.

to boresight for measurement of the forward beams was - 40

deg. This is evident in Fig. 10 from the lower intensity for all
of the forward antennas. Using the ground-test data 7 for

antenna patterns illustrated in Fig. I0, a correction for direc-

tivity of the transmitting antenna can be made and an estimate

of boresight intensity obtained. Table 6 summarizes the

results, corrects for the 3 dB polarization loss, and provides an
estimate of the worst-case fields for the aft beam of each
antenna at this measurement distance.

An additional topic of interest for S-band fields in or near
the cargo bay is how much electric field enhancement can be

expected due to reflections from payload elements in the cargo

bay and possible diffraction effects associated with the edge of
the forward bulkhead. The RMS scan for FO4C yielded in-

teresting results in this regard. Figure 11 is a sample of S-band
data taken during FO4C scan from point D to E. The quasi

sinasoidai variations observed can be explained by the PDP

being moved through a standing wave pattern resulting from
interference of multiple sources. (This standing wave pattern

is not observed external to the cargo bay.) It is not possible
with the complex geometry of the payload bay elements of 51F

(Spacelab 2) to discriminate possible multiple source reflec-
tions, which would produce a standing wave pattern, from the

diffracted fields that could also be present.

If we assume that this pattern is due to one primary and one
secondary source, the worst-case VSWR observed indicates

that the secondary source has a power approximately 20%
that of the primary source. Since these observations are highly

dependent on position within the cargo bay envelope and

would, of course, be dependent upon payload geometry, it

VI. Summary

For the EMC design of Shuttle payloads, several general

conclusions can be gathered from the above data.

Under normal conditions, Ku-band electromagnetic fields
experienced by cargo elements remaining inside the radar-scan

limits set by either hardware limits or observation mask will be

less than 2 V/re. Payloads that will be deployed or operated in
any way outside of the mask, or those that need to operate

concurrently with the radar and depend only on operational

guidelines to prevent the radar antenna from pointing at them,

should design to the guidelines given in the JSC, 07700,

Volume XIV, Attachment l (ICD 2-19001). This specification
lists the maximum field in the high-power beam to be 300

V/re. Experience dictates that this is probably an overestimate
by - 50% of what fields may actually exist. Since there can be

intrinsic variation in TWT output power and waveguide losses

among orbiters,the 300 V/m value should be used to provide

an adequate safety margin. Our measurements on Challenger
can serve only to provide additional credibility to these guide-
lines.

S-band electric fields also tended to be shomewhat lower

than worst-case predictions. Figure 10.7.2.2.6-1 in ICD

2-19001 gives worst-case fields at boresight of slightly more

than lO0/r. Our measurements that have an absolute accuracy
of .4. 2 dB predict - 60/r, which is about 4.4 dB low. This is

not unreasonable since the ICD gives worst-case numbers.

Safe design practice would indicate that for any point near the
Orbiter payload bay, lO0/r field prediction provides an ade-

quate margin of safety. E-fields within the cargo bay should
always be < 2 V/m even with reflections and/or diffractions

taken into account.
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ABSTRACT

A cold cathode ionization gauge was flown on space shuttle flight

STS-51F as a part of the Spacelab 2 payload. Neutral pressure data which

were taken in the payload bay during the first few hours on orbit are pre-

sented. These data show that when the payload bay is oriented such that the

atmospheric gases are ramming into it, the pressure rises to a peak of

4 x 10-6 Torr. Pressure is also slightly higher during the sunlit portion of

each orbit. 0utgassing of the payload bay causes the pressure to be elevated

to a few times 10-6 Tort early in the mission. In addition, several effects

on pressure have been identified which are due to chemical releases. Sub-

stantial increases (50-150%) are seen during another experiment's gas purge.

Orbiter chemical release effects include the following: pressure increases

of 200% up to 7 x 10-6 Torr due to OMS burns, minor perturbations in pressure

due to vernier thruster firings and little or no increase in pressure due to

water dumps. In the case of vernier thruster firings, effects are seen only

from down-firing thrusters in the back of the Orbiter which are probably due

to the reflection of thruster gases off of Orbiter surfaces.



INTRODUCTION

The Plasma Diagnostics Package (PDP), is a cylindrical subsatellite

that has flown on two space shuttle flights to date. The PDP carried a

complement of fourteen instruments, including a cold cathode ionization gauge,

that measured various plasma parameters. Data were taken in the payload bay

and on the Remote Manipulator System (RMS) arm on both flights and as a

free-flying satellite on its most recent shuttle flight.

The PDP first flew on STS-3 (Space Shuttle Columbia) as part of the

Office of Space Science's first payload (0SS-I) from March 22-30, 1982. 1 The

pressure gauge on that flight obtained approximately I00 hours of neutral

pressure measurements from two locations--in the payload bay and on the _MS

arm up to 15 meters (~ 50 feet) from the Orbiter. Neutral pressure results

from that flight can be found in Shawhan et al. 2 and Shawhan and Murphy. 3

The PDP's second fllgh= was on STS-51F %Space Shuttle Challenger) as

part of the Spacelab 2 (SL-2) payload from July 29-Aug. 6, 1985. _ On this

flight the pressure gauge obtained only 3 hours of data on the first day of

the mission due to a mechanical failure in the gauge electronics box which

occurred 7.5 hours after launch. However, these data were obtained during a

time in which other instruments were being activated, the payload bay was

still outgassing and two OMS burns occurred. For these reasons, these data

are vital in understanding the neutral pressure environment of the space

shuttle early in a mission.



INSTRUMENTATION

The vacuum measurement system on the PDP utilizes a cold cathode

magnetron gauge similar in configuration to the Redhead magnetron gauge

developed in the late 1950is. S The gauge aperture contains a baffle to

prevent ram effects of neutrals and ions. A six-inch extension tube is added

to the aperture to allow access to the orbiter payload bay pressure

environment outside of the PDP skin. The gauge works on the principle that a

discharge current in a transverse magnetic field is dependent on the pressure

of the gas. The gauge transforms the vacuum input signal "into a 0-5 volt

output signal which is proportional to the logarithm of the input pressure.

The range of the instrument on SL-2 was from 10-7 to 10-3 Torr, of equivalent

nitrogen pressure. The sampling frequency of the pressure gauge on SL-2 was

20 Hz.

Since all of the data that are presented in this paper were obtained

while the PDP was located in the payload bay, it is important to know the

orientation of the pressure gauge. Figure 1 shows the PDP in its stowed

(i.e., pallet) configuration. As can be seen, the pressure gauge tube is

located near the bottom of the spacecraft and points in a direction midway

between starboard and aft of the Orbiter. The extension tube exits the PDP

skin 45° to the radial direction. The tube aperture is only i/2 inch from the

PDP skin at its closest point. Figure 2 shows the location of the PDP within

the SL-2 payload. It is obvious from this figure that other experiments

closely surround the pressure gauge. In fact, the pressure gauge looks



directly at the Infrared Telescope (IRT) instrumentation, which is located

only a few inches from the PDP structure. This is in contrast to the pressure

gauge on OSS-I which had an open field of view in the middle of the pallet

where no other instrument was mounted close to it.



NEUTRAL PRESSURE RESULTS

0rbit-Related Effects

A plot of the 3 hours of neutral pressure data obtained by the PDP cold

cathode ionization gauge on Spacelab 2 is shown in Fig. 3. This plot shows

neutral pressure in Tort (equivalent N 2) vs. time. The time of this plot, which

begins about 4.5 hours after launch, is from 0130 to 0430 GMT on day 211 of 1985.

The pressure gauge actually received power at the time the spacecraft was powered

up at 0039 GMT. However, it did not begin to ionize until 50 minutes later. The

possible reasons for this will be discussed below.

One feature to note in Fig. 3 is the rise in pressure from a low of ah

1.5 x 10 -6 Tort that begins shortly before 0300 GMT. At this time the payload

bay is rapidly rotating into the ram of the gas flow, reaching maximum ram at

0302 GMT, and then gradually rotating out of it as indicated by the angle of

attack in Fig. 3. The angle of attack is defined as the angle between the -Z

axis of the orbiter (up from the payload bay) and the velocity vector. Thus,

maximum ram is obtained at an angle of attack equal to 0 degrees and deep wake

at 180 degrees. During the ram event centered at 0302 G_, the pressure is seen

to rise rapidly and then gradually decrease to its previous level during this

time, indicating a dependence on the direction of gas flow with respect to the

payload bay. The rise actually begins to occur during a one-minute interval of

lower pressure which will be explained in the next section. The PDP is in wake

at 0203-0206 _ but this wake appears to have no significant effect on pressure



The entire payload bay is briefly in a deep wake condition (i.e., angle of

attack equal to 180 degrees) around 0250 GMT, but once again no significant

effect is noted.

It is also evident that there is some outgassing in the payload bay

since ambient pressure for an altitude around 300 km would be _ I0-? Tort and

contributions from ram flow would only increase the pressure to about

1 x 10-6 Torr. Also evident are the brief, random one order of magnitude

increases in pressure to about 2 x 10-5 Torr throughout the plot. These

increases are believed to be due to outgassing in the gauge itself. This

effect was also seen on the OSS-I flight 3 and during thermal-vacuum testing

prior to the SL-2 launch.

There is also an indication in Fig. 3 that the neutral pressure in the

payload bay is slightly less on the night side than on the day. For example,

the slight rise in pressure (approximately 50%) seen at 0350 GMT is probably

attributable to the shuttle entering daylight.

Payload-Related Effects

One of the more striking features of the plot shown in Fig. 3 is a

periodic variation in pressure which begins at 0216:44 GMT. At this time the

pressure is seen to rise, thus beginning a cycle of 20 minutes at a higher

pressure and i minute at the lower pressure which was being recorded before

the cycle began. Subsequent to the flight it was discovered that at about

0216:00 GMT the Cosmic Ray Nuclei Experiment (CRNE) of the University of

Chicago, which is shown in Fig. 2, began a gas purge which consisted of

releasing a mixture of 80% N 2 and 20% C02 for 20 minutes, pausing for

1 minute, and then releasing the gas for another 20 minutes, and so on. The

amount of gas being released was about 500 liters per hour. Its composition
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changed from the N2, CO 2 mixture to a mixture of 15% CH 4, 25% Xe, and 50% He

with a time constant of about one hour. 6 Before the CRNE release we assume

that the gaseous environment of the payload bay is predominantly water based

on measurements taken by an ion mass spectrometer mounted on the PDP on

SL-2 7. Summers 8 states that the relative sensitivity of H20 normalized

to N2 is 0.97 over the pressure range 10-7 to 10-5 Tort for a cold cathode

ionization gauge. Therefore, when the CRNE release, consisting primarily of

N2, begins, we expect to see a maximum increase in pressure of 3% due to the

gauge's greater sensitivity to N 2 than H20. Since the increase (about 150%)

is, in fact, quite large, we know that the CILNE release has a marked effect on

the payload environment.

If =he payload bay _nvlronment is not dominated by water as reported in

Reference 7, but instead consists primarily of atomic oxygen as expected at

shuttle altitudes, then a lower limit on the pressure increase due to the CRNE

release can be derived. Since the sensitivity of the gauge to atomic oxygen

is not given in Reference 8, we can arrive at an approximate value based on

the data given by Summers 8 and the ionization cross sections published in the

9
literature. Redhead et al. state that provided the ions, which are produced

within the gauge, are formed with zero kinetic energy, the relative gauge

sensitivities should be nearly proportional to the magnitude of the ionization

cross-sections near their maximum (approx. I00 eV electron energy). Assuming

this to be the case, the sensitivity of the gauge to atomic oxygen wouid be >

0.5. This implies that the increase in pressure due to the CRNE release is

only around 50% rather than 150% for the case of a water-dominated

environment.



At least two other experiments on SL-2 - the Infrared Telescope (IRT)

from the Smithsonian Astrophysical Observatory and the Super Fluid

Helium Experiment (SFHE) from the Jet Propulsion Laboratory - were steadily

venting helium at the sill of the Orbiter payload bay at the rate of

20-30 mg/s (approximately 0.4-0.6 liters/h at STP). The relative sensitivity

8
of He normalized to N2 for this gauge is 0.15. The effects, if any, from

helium ventings cannot be determined.

Another effect on the pressure which we believe may be due to one of

the other experiments located in the payload bay is shown in Fig. 4. This

plot covers 30 minutes from 0200 to 0230 GMT on day 211. At about 0205 GMT we

see a square wave pattern in the data with a period of about 3.5 minutes. At

about 0216:00 GMT the square wave begins to look more like a rectified sine

wave with a period of about 0.5 minutes. (Note that the jump at 02i6:44 GMT is

the result of the CRNE gas purge.) We considered the possibility that the

scanning IRT, which is located very close to the pressure sensor, is the cause

of this effect, however, available data appear to rule this out. The drop to

zero output seen at 0204 GMT is probably an indication of the impending

mechanical failure.

Orbiter-Related Effects

Figure 5 shows the effects of two types of chemical releases associated

with thruster activity on the Orbiter--a continuous firing of two vernier

thrusters, which take place over about I.I seconds, and an Orbital Maneuvering

System (OMS) burn. The effect of the OMS-3 burn, which was used on SL-2 to

circularize the orbit at approximately 325 km altitude, begins at 0230:27 GMT

during daylight, lasts for about 35 seconds, and is directed antiparallel to

the velocity vector. This burn raises the neutral pressure by about a factor
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of 2 up to 7 × 10 -6 Torr. Once the OMS engines are shut off, the pressure

returns to its previous level after only 3 to 4 seconds. Acceleration data

from the SFHE experiment I0 show a sharp drop at 0231:01.0 GMT until about

0231:01.7 GMT and then an exponential decay which approaches zero at about

0231:05 GMT, which is consistent with the pressure data. The reason for the

pressure spike (lasting about half a second) at the beginning of the burn is

Ii
not known. _owever, the post-mission flightcrew report states that

exceptional ignition transients were associated with all OMS burns on STS-51F

with the exception of the final deorbit burn. The ignition transient was

termed a "hard light" by the crew and was manifested by larger than normal

acceleration at the beginning of the burn. The report states further that

Johnson Space Center has been unable to confirm this effect or show a cause for

it. It is possible that the momentary sharp pressure increase to 10 -5 Tort

seen at the beginning of the OMS-3 burn is related to the effect reported by

the crew.

Another 0MS burn which occurs at 0322:17 GMT during nighttime (not

shown in Fig. 5) and which is directed antiparallel to the velocity vector over

Millstone Hill Observatory in Westford, Massachusetts also raises the pressure

by about a factor of 2 over its pre-burn level. The pressure spike is also

present at the beginning of this burn. We are not able to determine the

recovery time associated with this burn since there is a data dropout which

begins in the middle of the burn and lasts well past engine shut off. During

the two 0MS burns just discussed, both 0MS engines were fired, each of which

has a thrust of 26,688 N (6,000 ib) and burn at a rate of about 85.27 N/s

(19.17 ib/s) using a propellant of monomethylhydrazine (_MH) as fuel and

nitrogen tetroxide (N204) as an oxidizer.
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The Reaction Control System (RCS) thruster firings pointed out at

0229:38 GMT in Fig. 5 are vernier thrusters which have a thrust of IIi N

(25 lb.) and use a propellant of MMH/N204. The effect of this series of

continuous firings is to raise the neutral pressure in the vicinity of the

payload bay by only a small amount. A more detailed analysis of all thruster

firings which occur during the time in which pressure data were taken was done

in order to determine whether specific thrusters affect the pressure more than

others. We ascertained that no primary RCS thrusters, which have a thrust of

3870 N (870 lb.), were fired during the 3 hours of interest. That leaves only

six vernier thrusters. Two of them are located in the nose section of the

Orbiter and have thrust vectors that point down and slightly starboard or port

(FSR, F5L). The remaining four are in the RCS pods in the tail section of the

Orbiter. Two of these four are located on the starboard side and point in

the starboard (or +Y) direction (RSR) and down along +Z (RSD). The other two

in the tail section are on the port side of the Orbiter and point in the port

(or -Y) direction (RSL) and down along +Z (LSD).

Figure 6 is 2-minute plot which shows two sets of vernier thruster

firings. Notice that at 0202:22 GMT the continuous firing of two vernier

thrusters in the back of the Orbiter for a period of 2.8 seconds has a

noticeable effect on the pressure, whereas the continuous firing of one

forward and one aft verniers for a period of 2.1 seconds has no effect.

Our analysis of all thruster firings from 0130 to 0430 GMT on day 211 shows

that all vernier thruster firings from the back of the Orbiter which involve

thrust vectors that are directed down along the Orbiter +Z axis (R5D, L5D)

produce similar effects on neutral pressure as those shown in Fig. 6 at
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0202:22 GMT. Vernier thruster firings from the front directed downand

slightly out (F5R, FSL) and from the back directed along the +/-Y axes (RSR,

L5L) have little or no effect on the neutral pressure as shown in Fig. 6.

Other factors which may be important in the study of thruster-firing

effects are discussed in the next section. More details on the thrusters and

their effects on the ionosphere during the OSS-I flight are provided in Refs.

12 and 13.

Finally, an Orbiter water dump which begins at 0414 GMT (see Fig. 3)

and continues for about 40 minutes may be the cause of the slight increase in

pressure seen at about that time. However, due to the fact that the angle of

attack has significantly started to decrease and the pressure increase is so

slight, no definite conclusions can be drawn.
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DISCUSSIONANDCONCLUSIONS

The unusually long time taken for the pressure gauge to begin to ionize

(about 50 minutes) may be related to several factors, such as the length of

time it was stored at sea level, the temperature at which it is powered up and

the degree to which it has been contaminated during preflight testing. The

PDP was at sea level for a considerable length of time due to its integration

into the SL-2 payload at Kennedy Space Center over a year prior to launch.

The temperature of the deck on which the pressure gauge is mounted was about

20 ° C at the time it was powered up on orbit so temperature was probably not a

factor. One of the biggest factors could have been the fact that the pressure

gauge was not cleaned after the completion of all preflight testing and prior

to launch. Thus, it is possible that contamination may have contributed to

the delay in onset of ionization.

Neutral pressure in the payload bay depends to a great extent on the

orientation of the gas flow to it and to a lesser extent on the day/night

conditions prevailing at the time. SL-2 results show slightly higher

pressures during daytime than nighttime, which is in accord with the MSIS-83

atmosphere model, 15 and enhancements in the pressure under ram conditions.

The wake conditions which were encountered produce no significant effects on

the pressure probably due to payload bay outgassing. OSS-I results show a

definite modulation in the pressure from ram to wake conditions. 2,3 This

effect has also been reported by Yanagisawa et al. 16 from measurements

obtained by a BN-type ionization pressure gauge which was part of the SEPAC

investigation flown on Spacelab I.



A relation is given by Hedin et al. 17 for determining ram pressure for

a gauge consisting of an enclosure within a rocket with a small entrance hole

or oriface. Hedin et al. 17 state that if the diameter of the entrance hole is

large compared to the length of the hole, but small with respect to the mean

free path of the gas, and the gas in the gauge comes to thermal equilibrium

with the walls of the gauge, the result is:

(Ta/Tg I/2ng- na ) F(S) (i)

where

where

ng = number density of particles in the gauge

na = ambient particle number density

Tg - temperature of the gauge walls

Ta - ambient temperature

F(S) = exp(-S 2) + S_ I/2 (I + erf S)

S = V/Cpa

V = component of rocket velocity normal to gauge opening

Cpa = most probable speed of ambient particles

(2)

The significance of equation (i) is that the number of particles

entering the gauge per unit time is equal to those leaving. Substituting

gauge pressure, Pg, and ambient pressure, Pa, for ng and na respectively, in

equation (I) we obtain

r 1/2
Pg a

g
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For the one maximum ram condition on SL-2 (0302 GMT) we ran the MSIS-83

atmospheric model 15 and found that Pa " 7.7 x 10 -8 Tort, T a - 894 K and Cpa -

1.07 km/sec. At 0302 GMT, Tg ~ 293 K and V = orbiter velocity normal to the

payload bay - 7.8 km/sec. Substituting these values in equation (3) gives

Pg = 3.5 x 10 -6 Torr, which is in good agreement with the SL-2 data. In

applying equation (3) to the orbiter, it is assumed that the oriface is the

payload bay.

The enhancement under ram conditions is most likely primarily related

to the fact that under ram conditions there is a great increase in the number

of atmospheric molecules in the vicinity of the payload bay which are

reflected from various Orbiter and instrument surfaces at thermal velocities

corresponding to the temperature of the bay. 16,18 A much smaller contribution

may come from the erosion of materials due to atomic oxygen bombardment.

Outgassing in the payload bay and ram flow to the bay as discussed

above cause the neutral pressure in the bay to be elevated to a few times

10 -6 Tort early in the mission. Shawhan et al. 2 state that it took nearly 24

14
hours for the payload bay to outgas to the ambient level on OSS-I. Koch

reports that pressure measurements obtained by an identical pressure gauge to

the PDP's as a part of the IRT investigation on SL-2 are around an order of

magnitude higher than the PDP's. However, the IRT pressure gauge, including

sensor, were located inside a box that had only a two-inch diameter opening

at the top. Due to the greatly decreased volume of this box compared to the

relatively openness of the payload bay and the outgassing within the box

itself, it is expected that the IRT gauge would obtain consistently higher

pressure measurements than the PDP gauge. Scialdone 19 derived an equation for

open bay pressure as a function of time based on previous measurements from
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the payload bay. The pressure for open bay is:

Ps(t) = 1.3 x I0-5 t-I (Tort) , (4)

where t is in hours and greater than 0240 MET (Mission Elapsed Time). The data

shown in this paper appear to follow this relationship until the CRNE gas

19
purge begins. Scialdone states that the outgassfng pressure will vary

depending on temperatures of outgassing materials, which are related to the

angle of the payload bay to the sun and length of time at that angle.

Experiments which release gas in the operation of their instruments can

and do affect the neutral pressure environment in the payload bay. These gas

releases, together with outgassing of the payload bay and ram flow pressure

enhancements early in a shuttle mission, can lead to a substantial increase

in the neutral pressure over ambient.

orbiter OMS burns on SL-2 are shown to increase the neutral pressure in

the payload bay by a factor of 2. A review of PDP pressure gauge data from

OSS-I shows no increase in pressure during the two OMS burns which occur late

in the mission. However, these two burns are performed under ram conditions

which produce higher pressures than those shown to be associated with OMS

burns. Further, the pressure spikes seen at the beginning of the SL-20MS

burns are not present at the beginning of the OSS-I burns. However, the

sampling frequency was only 1Hz on the earlier flight. Thus, if these sharp

pressure increases, which last about 0.5 seconds, are present, they would

2O
probably not be evident in the data. Narcisi et al. report results similar

to those shown in this paper for OMS burns. Their instrument, a quadrapole

mass spectrometer flown on an early shuttle flight, shows the spike ac the

beginning of the burn, a pressure pulse of about 10-6 Tort and a return to

background in i-2 seconds.
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Although no primary thrusters are fired during the time of interest on

SL-2, it is important to mention them in light of the fact that they can

affect neutral pressure more than an OMS burn. The L2U primary thruster

firing sequence which occurs during the OSS-I flight raises the pressure to

3 x I0 -_ Torr 2 3 12, , . This sequence consists of the pulsed firing of 2

primary thrusters in the back and the continuous firing of one in the front,

all of which have thrust vectors which point up (parallel to the Orbiter -Z

axis).

Even though the emission rate for the OMS firing is twice as great as

for the combination of the three up-firing primary thrusters, the OMS burn on

SL-2 causes the pressure in the payload bay to rise to a value which is at

least I 1/2 orders of magnitude less than that for the L2U primary thruster

sequence test. There are several factors which probably contribute to this.

The L2U sequence takes place when the payload bay is in the wake of the

orbiter. There is probably some reflection of the thruster plumes of the 2

primaries in the back off of the vertical stabilizer. Further, the PDP is

closer to the primary thruster plumes than to the OMS plumes, thus being in a

better position to see any backscatter from the plumes and their interactions

with each other. Finally, the PDP is in a more open environment during the

L2U event on OSS-I.

A summary of the questions which must be given consideration in order

to adequately analyze the effects from any thruster firings are the following:

I. Is the payload bay in wake or ram? If it is in wake, any

measurements which are made during thruster firings will

probably show a much greater pressure increase in a relative

sense than at non-wake times due to the lower background

pressure in the wake. If it is in ram, effects may not be seen

at all if the ram pressure is extremely high.
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2. What is the location of the pressure gaugewith respect to

each thruster? The closer the gauge is to the thruster and its

exhaust plumes, the greater the possibility of recording an

effect due to backscatter from the plume. This means that the

emission pattern of the plume is also important. For instance,

the exhaust plume of the primary thrusters is much broader than

that of the verniers. Coupled with this is the fact that

certain thruster plumes are reflected into the payload bay by

various Orbiter surfaces, such as the wings, elevons and

vertical stabilizer. Another important consideration is the

presence of barriers and obstructions between the pressure

gauge and the thruster which may tend to hinder the gauge's

ability to detect an effect.

3. What is the direction of the velocity vector with respect

to the thrust vector? Although no one has yet done a thorough

study of this, the possibility exists that a thruster fired

upstream of the Orbiter may have a different effect then one

fired downstream. If such an effect was detected for a

thruster fired upstream, it would most likely be a second order

effect. Although the velocity of the Orbiter is much

greater than the thruster exhaust, the thruster plume interacts

with the environment on a much faster timescale.

4. How many thrusters are firing simultaneously? In the case

of vernier thrusters it is most often the case that two or

three will fire simultaneously throughout a given period of

time. This being the case, it is very difficult to determine

the effects due to any one thruster. Thus, it is often
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necessary to study the effects of groups of thrusters, such as

the down-pointing ones. In this connection it has been

reported by Wulf and Von Zahn 21 that there is some evidence

that the simultaneous firing of several vernier thrusters

produces higher signals than would be calculated for the sum of

the individual contributions. Primary thrusters are more

likely to be fired one at a time, however, they are not used as

extensively on orbit as verniers and so the study of their

effects may be limited.

In our analysis of vernier thruster firing effects on neutral pressure,

the following conclusions are drawn based on the above:

I. In general, vernier thruster firings are only minor

perturbations to the pressure. Although we have no examples of

firings while the payload bay is in wake, the ones which were

made while in ram show a very small enhancement in pressure.

2. The fact that we see effects from only downward-pointing verniers

(along +Z) in the back is probably due to the thruster plume impinging

on Orbiter surfaces, such as the body flap, elevons, main engines,

etc., and thus being reflected into the payload bay. The two forward-

mounted vernier thrusters have a relatively unobstructed path in the

primary direction of the expanding thruster plume compared to the aft

verniers, which could partially explain why we see little or no effect

on neutral pressure during those firings. In addition, the location of

the pressure gauge on SL-2, well down in the center of the payload bay

near other structures, may have been another factor particularly in the

case of the aft sideways-pointing verniers whose plumes can be
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reflected off the wings. It is not possible to do a thruster direction

dependenceanalysis on the OSS-I data set since the sampling frequency

was only 1Hz. However, the SL-2 thruster direction dependenceresults

with regard to forward and aft downward-firing verniers are certainly
21

borne out by Wulf and von Zandt, from neutral massspectrometer results

from the SPAS-OIsubsatellite on the STS-41Bflight, and by Narcisi et

al. 20 on an early shuttle flight. Their results for these thrusters

differ from the SL-2 results only in that the effects they see are

substantially greater. In addition, they see effects from port and

starboard firing verniers which maybe due, in part, to their instruments

being located in a more advantageousposition with respect to these

thrusters than the SL-2 pressure gauge.

3. No conclusions can be drawn with regard to the relationship

of the velocity vector to the direction of thrust since the

data set is limited.

4. No conclusions can be drawn with regard to the effects of

one thruster firing versus several firing simultaneously since

single firing events were not available.

A definitive conclusion as to whether Orbiter water dumpsaffect the

neutral pressure in the payload bay cannot be madesince enough cases under

varying conditions have not been tested. The data seemto indicate, however,
13

that the effect, if any, is minimal. As reported by Pickett et al., neutral

pressure readings on OSS-I are slightly greater with water being dumpedthan

without it whenthe payload bay is in wake. Narcisi et al. 20 report there is

no increase in neutral pressure during a water dump.
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Finally, a comment is in order with regard to the magnitude of effects

seen by the SL-2 pressure gauge versus those seen by other pressure monitors

on this and other shuttle flights. Effects of thruster firings seen by the

PDP pressure gauge are less in magnitude than those seen on previous shuttle

flights. This could be related to a number of things such as location of the

sensor in relation to other instruments, Orbiter altitude and attitude, and

degree of outgassing in the payload bay. In fact, had the PDP pressure gauge

on SL-2 been able to obtain measurements later in the flight when outgassing

in the payload bay had decreased significantly, the relative effects of

thruster firings, OMS burns, and payload bay into ram may have been much

greater although the absolute magnitude may have remained about the same due

to the gauge's location in the bay. Further measurements on future space

shuttle flights need to be made in order to adequately quantify the various

effects on neutral pressure seen as a result of Orbiter and payload

operations.
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FIGURECAPTIONS

Fig. I. The Plasma Diagnostics Packagesubsatellite with neutral pressure

gauge aperture pointed out.

Fig. 2. Layout of the Spacelab 2 pallets showing the location of the PDPin

relation to the other instruments.

Fig. 3. Three-hour neutral pressure plot from early in the Spacelab 2

mission.

Fig. 4. Neutral pressure changes on a short time scale possibly related to

another experiment.

Fig. 5. Effects on neutral pressure of Orbiter gas releases.

Fig. 6. Comparison of verneir thruster firing effects on neutral pressure.
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Abstract

During the Spacelab-2 mission of July, 1985, electron beams (1 keV,

50-150 mA) pulsed at ELF and VLF frequencies were emitted from

the Space Shuttle Orbiter. The wave fields generated by the beam

were monitored by a Plasma Diagnostics Package (PDP), which was

released as a free-flying sub-satellite during a six hour period.

Measurements of the Orbiter potential and the return current during

beam emissions were obtained from a Charge and Current Probe

(CCP) mounted in the payload bay. Results from the PDP and CCP are

presented.

1. INTRODUCTION

Some effort in recent years has gone into the study of the radiation

generated by pulsed electron beams emitted from space platforms

[Bush et al., 1987; Reeves et al., 1988; Winckler et al., 1985;

Flolzworth and Koons, 1981]. The background for this interest is

partly the possibility that pulsed beams may replace conventional

antennas in space for communication purposes. An issue which must



be addressed when considering this option is the charging of the

space platform during beam emissions and the formation of a region
of enhanced negative space charge close to the beam nozzle. These
effects are important to understand because they may limit the

amount of beam current escaping the platform and distort the beam

coherence. In the Space Experiments with Particle Accelerators

(SEPAC) flown on the Spacelab-1 Shuttle mission, for instance, it

was found that when the main thruster engine bells were in the

wake (they constitute the largest conducting area of the Orbiter),

the Orbiter may have charged to the beam potential of 5 keV when

the beam current exceeded 100 mA, thereby partly inhibiting the

beam from escaping the Orbiter [Sasaki et aL, 1986].

Recent numerical simulations show that when the electron beam

density exceeds the ambient plasma density, a negative space charge

may build up in a region close to the beam nozzle. This will reflect a

portion of the beam electrons and greatly distort the escaping

portions of the beam [Pritchett and Winglee, 1987].

The questions of spacecraft charging and loss of beam coherence are

addressed in the paper by means of observations made during the

Spacelab-2 mission of the Space Shuttle Orbiter. The observations

include Orbiter charging and return currents during electron beam

emissions and wave fields generated by pulsed and continous beams.

Spacelab-2 was launched into an almost circular orbit with a

nominal altitude of 325 km and an inclination of 49.5 o. A Fast Pulse

Electron Generator (FPEG) was mounted on the port side of the

Orbiter. The beam energy was 1 keV and the beam current could be

set to 50, 100, or 150 mA by selecting a combination of two

separate electron sources. The beam could be emitted in a continous

mode (DC) or in a pulsed mode (AC), where the beam current was

almost perfectly square-wave modulated with a nominal pulse rise

time of 10 -7 S.
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A Charge and Current Probe (CCP) was mounted on the starboard side

of the payload bay. The Charge Probe has a conducting surface

covered by a dielectric layer, and it measures changes in the

potential induced across the dielectric layer. The Current Probe

measures the current flowing through a gold plated surface and is

mounted next to the Charge Probe. The FPEG and the CCP were part of

the Vehicle Charging and Potential experiment (VCAP), which was

also flown on STS-3/OSS-1. It is described in more detail in Banks

et aL [1987].

A Plasma Diagnostics Package (PDP) was stored in the payload bay.

During a six hour period the PDP was released as a free-flying

satellite to co-orbit at distances up to 300 m from the Shuttle. The

PDP carried an array of plasma diagnostics equipment, including an

electric dipole antenna and a magnetic search coil. The antennas

were connected alternately for 52.2 s to the wide-band wave

receiver. The receiver scanned a 30 kHz frequency range by selecting

10 kHz bands in the following order: 0-10 kHz (25.6 s), 20-10 kHz

(12.8 s), and 20-30 kHz (12.8 s). The receiver output was controlled

by an Automatic Gain Control system (AGC), which ensured a 100 dB

dynamic range and a roughly constant output level. The output was

telemetered in analog form and was later digitized at 25 kHz. In

addition, the antennas were connected to a number of filterbank

receivers with a coverage in frequency from 31 Hz to 800 MHz. For a

description of the PDP instruments, see Shawhan et aL [1984].

2. OBSERVATIONS

2.1 Orbiter Charging and Return Currents

We have attempted to correlate the measurements of the CCP during

DC electron beam emissions with the ambient ionospheric densities.

This imposes a problem since the interactions between the Shuttle

Orbiter and the ionosphere frequently prevent accurate



measurements of ambient plasma parameters from the payload bay

[Siskind et aL, 1983; Raitt et aL, 1984; Grebowsky et al., 1987].

During the the Spacelab-2 mission, the only in situ measurements of

the plasma density away from the plasma perturbations associated

with the Orbiter were performed during a 6 hour period when the

PDP became a free-flying satellite. For other times of the mission,

we must rely on values of the ambient density predicted by the

International Reference Ionosphere (IRI) model [Bilitza, 1986]. The

accuracy of the IRI model has been assessed by comparing its

predictions with the measurements from a Langmuir probe on the

PDP during the 6 hour free-flight. It was found that the predicted

values of the density were, in general, higher than the measured

ones, at times up to an order of magnitude higher, but that the

general trend of day/night variations etc. was captured well by the
model. Much of this difference can be attributed to the fact that the

PDP measurements were made during a period of general

magnetospheric disturbance with Kp = 5 + at the time of the PDP

release. Deep electron density troughs were seen at high magnetic

lattitudes, while the plasma density at the geomagnetic equator

dropped below 103 c m-3. These features tended to become less

visible as time went on in the PDP free-flight period.

With this caution in mind, results from the Charge Probe are shown

in Figure 1 as function of ambient plasma density as predicted by

the IRI model. The figure shows a summary of the Charge Probe

measurements during all DC'beam emissions performed during the

Spacelab-2 mission [Hawkins, 1988]. For high ambient plasma

densities the charging level of the Orbiter is low, while for low

densities the Orbiter charges to high levels. The charge probe does

not give absolute measurements of the Orbiter potential, but rather

a measurement of the potential drop across a dielectric surface

covering the probe. For low charging levels and thin potential

sheaths, the probe measurement is close to the vehicle potential,

while for higher potential levels and extended sheath regions, the
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probe generally measures a potential which is lower than the vehicle

potential.

A threshold in the ambient plasma density for which the Orbiter

charges to high levels can be estimated from Figure 1. This is about

3 xl05 cm-3 for 100 mA beam current and 1.5 xl05 cm -3 for 50 mA

current. If we consider the threshold density to be the density at

which the thermal electron current from the ionosphere balances the

beam current, then we find the effective current collecting area of

the Orbiter to be about 42 m2 for an electron temperature of 1000 K

[Hawkins, 1988]. This area is comperable to, but somewhat larger

than, the area of the main engine bells which have a surface area of

about 30 m2. They constitute the largest,_but not all, the current

collecting area of the Orbiter. We thus interpret the threshold seen

in the charging level as the ambient plasma density level at which

the electron thermal current equals the beam current. At lower

densities the Orbiter has to charge to high potentials in order to

draw a sufficient return current.

Figure 2 shows Current Probe measurements during DC beam

emissions as function of ambient plasma density predicted by the

IRI model. Also shown is the electron thermal current that can be

drawn to the probe for temperatures of 1000 K and 3000 K. Data

show that the current to the probe depends on the Orbiter attitude.

This is an ion wake phenomena, since the Orbiter velocity, Vs, is

about 7.8 km/s, which is much larger than the ion thermal velocity

(about 1 km/s). Thus the current to the probe varies greatly from

ram to wake conditions [Raitt et al., 1984; Grebowsky et al., 1987].

Furthermore, the probe potential is shifted by the (Vs x B).L

induced potential, where L is a vector pointing from the engine bells

to the probe and B the earth's magnetic field. The potential shift is

generally less than 5 V, which is enough to influence the electron

current to the probe. The ion current is less affected since the ion

energies seen from the reference frame of the Orbiter have energies

larger than 5 eV [Raitt et al., 1984].
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In order to remove the obvious attitude bias in the Current Probe

results, an Orbiter attitude called the airplane mode was selected.

In this mode, the Shuttle orbits in the same manner as an airplane

flies, and the wake structure around the Orbiter is constant.

Furthermore, in this mode the (Ms x B).L induced potential is

always small. The result of selecting data from observations during

the airplane mode is shown in Figure 3. The probe current increases

with ambient plasma density in a roughly linear fashion and seems

independent of the emitted beam current. This trend in the data is

important since it indicates that the beam does not fully escape the

Orbiter. Rather it appears that the fraction of the beam that escapes

is proportional to the ambient plasma density.

2.2 Wave Fields

During the course of the 6 hour period when the PDP was free-flying,

care was taken to permit the PDP and the Shuttle to have two

magnetic conjunctions per orbit. The trajectory of the PDP relative

to the Orbiter during the fourth conjunction is shown on the top

panel of Figure 4, with tick marks for every one minute of flight. The

vertical axis is the distance to the PDP measured along the earth's

magnetic field, and the horizontal axis the distance perpendicular to

the field. A pulsed electron beam sequence was started at

approximately 04:11 UT and lasted for about 7 min. The beam current

was 100 mA and the beam was square-wave modulated at 1.22 kHz

with a 50% duty cycle (beam on time equals beam off time). The

period of beam emission and the antenna switching pattern of the

wide-band wave receiver is indicated by shaded areas.

The Orbiter attitude was adjusted during this sequence so that the

initial velocity of the beam electrons was always directed towards

the PDP. The variation of the beam pitch angle is shown on the

bottom panel of Figure 4.

The conjunction occurred during nighttime. The ambient plasma

density, estimated from the measurements of the Langmuir probe on
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the PDP, was 3.2 x 104 cm-3 [D'Angelo, personal communication],

corresponding to a plasma frequency of 1.6 MHz, and the electron

gyrofrequency varied from 560 kHz to 600 kHz. Assuming the

ambient ion population consisted mainly of O +, the lower hybrid

frequency varied from about 3.1 kHz to 3.3 kHz.

An example of the magnetic field observed by the search coil on the

PDP is shown in Figure 5. The relative signal intensity (the AGC is

not incorporated here) is color coded showing the fundamental and

odd harmonics of the 1.22 kHz modulation frequency as horizontal

lines. The first half of the panel, 0-25 s, the bandwidth is 0-10 kHz,

the following quarter of the panel, 25-38 s, the band is 20-10 kHz,

with 20 kHz being at the bottom of the frequency scale and 10 kHz at

the top. The final quarter of the panel presents 20-30 kHz. During

the time interval shown on Figure 5 the perpendicular distance to

the beam was about 75 m.

For comparison, Figure 6 shows the electric field intensity observed

51.2 s earlier when the PDP was at a distance of about 40 m from

the beam. As before, emissions are seen at the odd harmonics of the

modulation frequency in the whole band. However, in addition to

these coherent emissions, strong broad-banded electrostatic noise

is also seen. This noise is about 40 dB above the background noise

level observed prior to the beam emission and partly inhibits the

detection of higher harmonics in the 0-10 kHz band.

The amplitude of the harmonics of the beam pulsing frequency have

been estimated using a pre-flight calibration of the wide-band

receiver and the AGC. The result of this calibration for the 0-10 kHz

range is shown in Figure 7 for the three time intervals during the

pulsed beam emission that the receiver was connected to the

magnetic search coil.

The Fourier transform of a square-wave function with a 50% duty

cycle has vanishing even harmonics and possesses odd harmonics

with amplitudes that vary with frequency as 1/f. We note that the
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observed magnetic wave field does have strong odd harmonic
components while the even harmonics, although present, are almost

an order of magnitude weaker. This leads us to believe that the beam
source, at least within the first couple of hundred meters, is able to

retain much of its square-wave modulated structure (coherence in
vH), in spite of the low ambient plasma density.

The electric field amplitudes are shown in Figure 8. At larger

distances from the beam, the second and third harmonic become

relatively strong, while the first harmonic is strongly damped. This

effect may be caused by the change in topology of the wave

refractive index, which changes at the lower hybrid frequency (3 kHz

for the experiment).

During its free-flight, the PDP was spinning with a period of 13 s.

Both the magnetic and the electric sensors measured a component of

the wave field perpendicular to the spin axis. This induces a

modulation of the measured field amplitudes with a period of 6.5 s.

The modulation is very noticeable in the magnetic field at all

harmonic numbers and in the electric field for the harmonics with

frequencies larger than 10 kHz. We expect an analysis of the

amplitude modulation to give us important clues as to the

polarization of the fields, and a means to check existing theories for

wave generation by pulsed electron beams.

3. DISCUSSION

Recent numerical simulations (Winglee and Pritchett, 1988) show

that an electron beam will be strongly disrupted by the accumulation

of negative space charge in a region close to the beam nozzle if the

beam density at injection is much larger than the ambient

ionospheric density. The formation of such a virtual cathode is found

to develop if trp/ts > 0.4, where trp is the plasma response time and

ts is the beam stagnation time. The plasma response time is about

q3/O}pe, where COpe is the electron plasma frequency of the ambient

ionosphere. The beam stagnation time depends on the spacecraft



9

size, the beam width and the beam energy and is for Spacelab-2
conditions in the range 5/O)pb to 15/00pb ' where (.0pb is the beam plasma

frequency at beam injection. The FPEG beam density at injection has

been estimated to be about 3 x 107cm -3 [Banks and Raitt, 1988] and

the ambient plasma density during the pulsed flux tube connection

was about 3.2 x 104 cm-3. Thus for the the experimental conditions

we have O)pb/0Ope = 30.6, or trp/ts = 3.5 to 10.6. These values are much

larger than the threshold value of 0.4, and according to the computer

simulations we should expect strong beam disruption and

limitations in the amount of beam current escaping the Orbiter.

The Current Probe measurements shown in Figure 3 seem to be in

accordance with the predictions of Winglee and Pritchett [1988]. At

low ambient plasma densities, the fraction of the beam that escapes

the Orbiter increases with the ambient density. The voltage

measured by the Charge Probe during the pulsed flux-tube connection

was about 40 V, a value in accordence with the results shown in

Figure 1 for 50 mA beams (100 mA, 50% duty cycle). The Obiter is

charging to a relatively high potential, because the ambient plasma

density of 3.2 x 104 cm -3 is lower than the threshold value of 1.5 x

10 5 cm-3 for 50 mA beams. As mentioned earlier, the Orbiter

potential may have been higher than indicated by the Charge Probe.

However, we are reluctant to draw any firm conclusions on beam

escape on the basis of the limited dataset presented in Figure 3. The

return current distribution is probably strongly non-uniform and

sensitive to small changes in the attitude and magnetic field

variations. Furthermore, the wave data indicate that that the beam

retains its coherent structure during the pulsed flux-tube

connection, with at least a substantial portion of the beam fully

escaping the Orbiter.

First, we note that the magnetic component of the coherent signals

has strong odd harmonic components as compared to the even

harmonic components, with the amplitude of the odd harmonics

roughly varying like 1/f. This indicates that the source is basically
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square-wave modulated and that little distortion in the parallel

electron beam velocity is occurring.

Second, during the previous magnetic conjunction, a 50 mA, DC beam
was emitted. It was found that the high frequency wave intensity

observed by the filterbank had a funnel like appearance in frequency

time spectrograms and that this feature was consistent with

whistler waves generated through a Landau resonance with beam

electrons in a semi infinite beam [Gurnett et al., 1986]. The

radiation level was found to be in agreement with the level

predicted by quasi coherent Cherenkov resonance provided the beam

electrons have a coherence length of about 7 m [Farrell et aL, 1988].

The radiation level of Cherenkov resonance depends strongly on the

beam coherence length, which in Farrell et aL [1988] was assumed to

be determined by the wavelength of Langmuir oscillations generated

inside the beam column. Thus a funnel shaped emission, while

consistent with the radiation properties of a semi infinite beam

does not at present allow us to estimate the fraction of the beam

escaping the near region around the Orbiter. However, the noise level

indicates that during the DC fluxtube connection a substantial

fraction of the beam did escape at least out to the 200 m distance of

the PDP and the Orbiter. The DC fluxtube connection was performed

at daytime. The ambient density measured from the Langmuir probe

mounted on the PDP was about 10 scm-3, which gives trp/ts= 2 to 6,

which again is larger than the value of 0.4. The potential measured

by the Charge Probe was about 3 V or less.

During the pulsed beam sequence, the high-frequency/time intensity

plots of the filterbank data also had a funnel shaped feature with an

intensity comparable to the intensity observed during the DC beam

emission. This indicates that at least a portion of the beam during

the pulsed flux tube connection escaped the Orbiter.

Finally we point out that the intensity of the broad-banded, mainly

electrostatic, noise observed both at low frequencies by the wide-

band receiver and at high frequencies by the filterbank, was almost
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the same for the DC and the pulsed flux-tube connections. The

effective current was the same for the two sequences, 100 mA

pulsed with a 50% duty cycle and 50 mA DC. The fact that they were

performed for different ambient plasma conditions, with the Orbiter

charging to high levels during the pulsed sequence, and low levels

during the DC sequence, indicate that either the two beams were

both strongly disrupted, or both escaped the Orbiter largely

unaffected by space charge effects. The spectral structure of the

magnetic wave fields and the funnel shaped emissions points to the

latter option.

The question of the fraction of the beam current that, in given

circumstances, can escape a space platform is fascinating, but

experimentally very hard to solve. Our experience from the SL-2

experiment indicates that wave measurements may prove to be a

powerful tool to answer this question, once the power levels

generated by a beam are more thoroughly understood. We also find

that a space platform with current probes spread over the surface of

the platform in a number sufficient to resolve the return current

distribution may prove to be very helpful.
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FIGURE CAPTIONS

Figure 1. Vehicle charging during DC electron beam emissions

measured by the CCP charge probe as function of ambient plasma

density estimated from the IRI model.
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Figure 2. Return current during DC electron beam emissions

measured by the CCP current probe as function of ambient density
estimated from the IRI model. As a reference is shown the ambient

electron thermal current that can be drawn by the probe for two
electron temperatures,

Figure 3. Return current during DC electron beam emissions for a

selected Orbiter attitude, the airplane mode.

Figure 4. On the top panel is shown the trajectory of the PDP

relative to the Shuttle during the pulsed flux-tube connection. The

period of beam emission and the wide band antenna switching

pattern are shown by shaded areas. The bottom panel shows the beam
angle eB with respect to the earth's magnetic field.

Figure 5. The magnetic field in the frequency range 0-10 kHz, 20-10

kHz, and 20-30 kHz (see text) as a function of time. The

perpendicular distance from the beam was about 75 m.

Figure 6. The electric field the frequency range 0-10 kHz, 20-10

kHz, and 20-30 kHz (see text) as function of time. The perpendicular

distance to the beam was about 40 m.

Figure 7. Amplitude of the harmonics of the beam pulsing frequency

(magnetic) at three radial distances from the beam. Also shown for

reference is a 1/f-functional dependance, where f is frequency (or

harmonic number).

Figure 8. Amplitude of the harmonics of the beam pulsing frequency

(electric) at four radial distances from the beam.
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Abstract. During the Spacelab-2 flight, which occurred from July 29, to August 6,

1985, a spacecraft called the Plasma Diagnostics Package (PDP) was released from the

shuttle to explore the plasma environment around the shuttle. The plasma wave

instrument on the PDP detected a region of intense broadband turbulence around the

shuttle at frequencies extending from a few Hz to about 10 kHz. The noise has broadband

intensities ranging from 1 to 5 mV/m and was observed at distances of up to 400 m from the

shuttle. The highest intensities occurred in the region downstream of the shuttle and along

magnetic field lines passing near the shuttle. The intensities also tended to increase during

periods of high thruster activity, which provides strong evidence that the noise is caused by

an interaction of the ionosphere with gaseous emissions from the shuttle, similar in many

respects to the interaction of a comet with the solar wind. Antenna interference patterns

observed in the wideband data show that the wavelength of the turbulence is very short, a

few meters or less.
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Introduction

In thisreportwe describe plasma wave turbulence observed around the shuttleby a

spacecraftcalledthe Plasma Diagnostics Package (PDP) which was released from the

shuttleduring the Spacelab-2 flight.The PDP was designed and constructed at the

University ofIowa and isa reflightofthe same spacecraftpreviously flown on the STS-3

flight[Shawhan etal.,1984a]. On STS-3 the PDP was carriedon the remote manipulator

arm, which restrictedthe measurements toabout 15 meters from the shuttle. The principal

new featureofthe Spacelab-2 flightisthat the PDP was released from the shuttle,thereby

providing measurements at much greaterdistances. During the free-flightphase ofthe

mission, the shuttlewas maneuvered toprovide two complete fly-aroundsofthe PDP at

radialdistancesout toabout 400 meters. The fly-aroundsprovided measurements beth

upstream and downstream ofthe shuttle,and along the magnetic fieldlinethrough the

shuttle. Inaddition tothe fly-arounds,a seriesofmaneuvers, calledwake transists,was

performed tosurvey the wake region directlydownstream ofthe shuttle.

Included among the various experiments on the PDP was a plasma wave receiver

designed tomeasure electricand magnetic disturbances produced by the motion ofthe

shuttlethrough the ionosphere. The resultspresented here are mainly from this

instrument. For a descriptionofthisand other instruments on the PDP, see Shawhan

[1982]. The Spacelab-2 mission, which was launched on July 29, 1985, was flown ina nearly

circularlow-inclinationorbitwith a nominal altitudeof325 km and an inclinationof49.5°.

The PDP was infreeflightfora roughly 6-hour period,from 0010 to0620 UT on August 1,

1985.
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Observations

An electricfieldspectrogram showing the plasma wave intensitiesduring the firstof

the two fly-arounds isshown inthe bottom panel ofFigure 1. The shuttlepositionrelativeto

the PDP isgiven by the x,y,z coordinatesat the bottom ofeach plot.The + z axis isdirected

downward toward the center ofthe Earth, the x axis isin the orbitalplane with the positive

axis inthe directionofmotion, and the y axis completes the right-handed coordinate system.

The electricfieldspectraldensity,E2/Af,isindicatedby the colorcode,with blue being least

intense and red being most intense. The white linelabeledfceisthe electron cyclotron

frequency, which isa basic characteristicfrequency ofthe plasma. The points labeled I and

2 at the top of the spectrogram indicate magnetic conjunctions, which are times when the

shuttle was maneuvered to intercept a magnetic field line through the PDP.

The spectrogram shows two types of noise. At selected times during the flight an

electron gun on the shuttle was used to inject a beam of electrons into the ionosphere for

purposes of studying beam-plasma interactions. This beam produced the series of whistler-

mode emissions identified as "electron beam emissions" in Figure 1. These emissions have

been described in a previous series of papers [Gurnett et al., 1986; Bush et al., 1987; Farrell

et al., 1988] and will not be discussed further. In addition to the electron beam emissions, a

broad band of noise can be seen at frequencies below about 104 Hz. The magnetic antenna

indicates no comparable response, so the noise must be electrostatic. The same type of noise

was detected on the STS-3 mission [Shawhan et al., 1984b; 1984c], and is usually referred to

as "broadband electrostatic noise."

As can be seen, the broadband electrostatic noise consists of many impulsive short-

term variations superimposed on a slowly varying, nearly continuous background. Most of

the impulsive variations can be associated with thruster firings. For comparison, the rate of
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gasejectionfromthethrustersaveragedoverone-minuteintervalsisshownin thetoppanel

ofFigure1. Majortrajectorycorrectionmaneuvers,whichtypicallyinvolvegasinjection

ratesof102to103gm/secoverperiodsof30secormore,almostalways produce an intense

burst of broadband noise. Examples of such maneuvers occur near the first magnetic

conjunction, at 0157 and 0204 UT. In addition to the trajectory correction maneuvers, an

almost continuous level of thruster activity occurs in association with minor attitude

corrections. These firings, which have durations of about 80 msec and occur at a rate of

several per minute, are at least partly responsible for the nearly continuous low level of

noise that is present most of the time.

Comparisons of the electric field spectrograms from the two fly-arounds and the wake

transits indicate that the intensity varies systematically with the position of the PDP

relative to the shuttle. This dependence is illustrated in Figure 2 which shows the x-z

projection of the shuttle trajectory relative to the PDP. The solid black dots show the regions

where the broadband electricfieldstrength,integratedfrom 35 Hz to31 kHz, exceeds 1

mV/m. As can be seen,the electrostaticnoisetends tobe strongestand most persistent

along the + x axis,when the PDP isdownstream ofthe shuttle,and weakest along the -x

axis,when the PDP isupstream ofthe shuttle.The noise isalsostrong near the four

magnetic conjunctions,which are labeled I through 4 inFigure 2.

The interpretationofthe noise enhancements near the magnetic conjunctions is

complicated by the factthat the thruster firingrate tends tobe higher inthese regions as the

shuttlewas maneuvered tointerceptthe magnetic fieldlinethrough the PDP.

Nevertheless, we believethat the intensificationinthisregion iscontrolledtoa significant

degree by the magnetic fieldgeometry. As evidence ofthisrelationshipnote that thruster

firingswhen the PDP isupstream ofthe shuttle,forexample at 0216 and 0224 UT (see

Figure I),do not have nearly as large an effectas thruster firingsnear the magnetic
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conjunction,forexample at0157 and 0204 UT. Also,even when the gas ejectionrate islow,

forexample from 0159 to0203 UT, the noiselevelin the magnetic conjunction region is

higher than forcomparable gas ejectionrates when the PDP isupstream ofthe shuttle.

Representative electricfieldspectrums ofthe broadband electrostaticnoise are shown

inFigure 3. The top panel shows two spectrums selectedfrom near the firstand second

magnetic conjunctions,and the bottom panel shows spectrums attwo differentdistances (x

= 247 m and x = 87 m) inthe wake region directlydownstream (y --0,z -_0)ofthe shuttle.

All four spectrums are remarkably similar. Typically,the spectrum isalmost fiatfrom 10

Hz toabout 104 Hz, and then drops below the instrument noise level by 105 Hz.

Sometimes a peak can be seen ata frequency ofa few kHz, which isnear the lower hybrid

resonance frequency. This peak can be seen at various times inFigure 1,forexample at

0150 and 0255 UT. The broadband electricfieldstrength during the most intense thruster-

relatedevents ranges from about 2 to 5 mV/m. The nearly continuous background levelin

the wake region directlydownstream ofthe shuttleisabout I to2 mV/m.

High-resolution wideband spectrograms ofthe electrostaticnoise sometimes show a

"fingerprint"pattern that repeats with a period ofone-halfofthe spacecraftrotation period.

An example ofsuch a pattern isshown inFigure 4. This type ofspin modulation pattern is

well known in space plasma wave data and isan antenna pattern effectcaused by

wavelengths short compared tothe antenna length [Temerin, 1979; Fuselier and Gurnett,

1984; Gallagher, 1985]. The nullsoccur when the antenna separation projected in the

directionofpropagation isan integralnumber ofwavelengths. Since the antenna length is

only 3.9 meters, the existenceofthese nullsimplies that the wavelengths ofthe electrostatic

noise issubstantiallylessthan one meter. For such short wavelengths, the frequency

spectrum isalmost entirelydetermined by Doppler shifts.The fingerprintpattern tends to

be most pronounced and easilyrecognized near the upper frequency cutoff(~ 10 to20 kHz)
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and in the region directlydownstream ofthe shuttle.
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Interpretation

The close correlation between thruster firings and enhancements in the broadband

electrostatic noise provides a strong indication that the noise is associated with neutral gas

emissions from the shuttle. Previous measurements [Shawhan et al., 1984b; 1984c; Pickett

et al., 1985] have shown that the shuttle is surrounded by a neutral gas cloud with pressures

as much as 102 to 103 above ambient. This gas cloud originates from a variety of transient

and steady-state sources including thruster firings, water dumps, outgassing of water

absorbed in the tiles, and leaks from pressurized compartments on the shuttle. The fact that

the electrostatic noise displays both an impulsive component as well as a nearly steady

component simply reflects the complex time variability of these various sources.

Since a neutral atom does not interact with an electric field, some mechanism is

needed to generate the noise. This mechanism is believed to be charge exchange between the

shuttle gas cloud and the surrounding ionosphere. Studies of the plasma distribution

around the shuttle by Paterson and Frank [1987] and Frank et al. [1988] show that the

shuttle is surrounded by an energized distribution of H20 + ions and other heavy ions.

These ions are believed to be produced by charge exchange between the shuttle gas cloud,

which is primarily H20 and ionospheric O + ions, which are streaming by at _ 8 km/s. Once

ionized, the newly born H20 ÷ ions are immediately acceleratedby the VxB electric

field and carried downstream, more or less as illustrated in Figure 5.

The pick-up process causes two effects that could possibly account for the intense

electrostatic noise observed around the shuttle. First, since the newly born ions are moving

with respect to the ionosphere, these ions produce a beam or ring-like velocity distribution



that should be highly unstable [Kralland Trivelpiece,1973; Papadopoulos, 1984]. Second,

the pick-upprocess produces both a perpendicular and parallel current system,

J± and J|, which ultimately must close inthe ionosphere via an Alfv_n wave, more or less

as shown in Figure 5. Ifthe current density exceeds a criticalvalue,then current-driven

electrostaticwaves could be excited,similartothe processes thatare believed tooccur inthe

auroral zone [Kindel and Kennel, 1971 ].Just which mechanism provides the free-energy

source for generating the intenseelectrostaticnoisearound the shuttleremains tobe

established.The unstable ion distributionsassociatedwith the pick-up ions appears tobe

the best possibility,sincecurrent-driven instabilitiesusually have a rather high threshold.

However, the enhanced noiseintensitiesnear the magnetic conjunctions suggest that field-

aligned currents may play some role.Although the main energization ofthe pick-up ions

-=_

comes from the accelerationby the VxB electricfield,the electrostaticturbulence may

play an important rolein thermalizing these ion distributions.

Incomparing these resultswith other measurements, itisinterestingtonote the very

closesimilaritybetween the noise observed near the shuttleand the electrostaticnoise

observed near the AMPTE artificialcomet [Gurnett etal.,1985; 1986] and the comets

Giacobini-Zinner [Scarfet al.,1986],and Halley [Grard, 1986l. Since charge exchange and

ion pick-up are believed tobe one ofthe dominant processes inthe interactionofa comet

with the solarwind, itappears that the interactionofthe shuttlewith the ionosphere may

have a closesimilaritytothe plasma processesoccurring near a comet.
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Fig. 1. The bottom panel shows a spectrogram ofthe electricfieldintensitiesobserved by the

PDP during the firstfly-aroundand the top panel shows the gas fluxassociated with

thruster firingson the shuttle.The broad band ofnoisebelow about 104 Hz isclosely

associatedwith the thruster firingsand isbelieved tobe caused by an interactionbetween a

cloud ofneutral gas around the shuttleand the ionosphere, which isstreaming by at

8 km/sec.

Fig. 2. An orbitalplane plotshowing the regions(blackdots)where the broadband shuttle-

induced noise exceeds I mV/m. The noise isstrongest and most persistentin the region

downstream ofthe shuttleand weakest inthe region upstream ofthe shuttle. Strong

enhancements also occur near the magnetic conjunctions.

Fig. 3. Selected spectrums ofthe broadband noisenear the firstand second magnetic

conjunctions,and attwo positionsinthe wake region downstream ofthe shuttle.

Fig. 4. A high-resolution wideband spectrogram showing "fingerprints" in the broadband

noise. This effect is caused by nulls in the antenna pattern as the spacecraft rotates and is

indicative of wavelengths shorter than the 3.9 meter length of the electric antenna.

Fig. 5. Charge exchange interactions with ionospheric ions are believed to partially ionize

the neutral gas cloud around the shuttle (6), thereby producing pick-up ions which are

accelerated and carried downstream by the convection electric field. The pick-up ions

produce a highly unstable ion distribution which is believed to be responsible for the intense

electrostatic noise observed downstream of the shuttle.
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Abstract

The Spacelab 2 mission provided the first opportunity to measure the

extended plasma wake of the Space Shuttle Orbiter. While the Plasma Diagnostics

Package was attached to the Remote Manipulator System, differential ion vector

measurements were obtained in the near wake at a distance of 4-5 Shuttle

radii. The Orbiter's wake was found to fill in at a much faster rate than can

be explained by simple thermal motion. The measurements show that ion

acceleration must have occurred along the wake boundary in a direction normal to

the orbital motion. This behavior implies the existence of a spatially extended

electric field and strongly suggests the process of "plasma expansion into a

vacuum." The level of plasma depletion in the wake is in agreement with the

results from laboratory experiments and small ionospheric satellites that were

obtained at comparable normalized distances downstream, suggesting that the near

wake plasma depletion is not sensitive to the body scale size for bodies up to

an ion gyroradius in size.



INTRODUCTION

The Space Shuttle has greatly increased the range and fidelity of

possible space experiments and, as a result, has reopened and generated

renewed interest in the physics of spacecraft-space plasma interactions. The

STS-3 mission, which took place on March 22-30, 1982, offered the first

opportunity to measure the plasma and field environment of the Shuttle

Orbiter. An ensemble of 14 plasma instruments was included in the Plasma

Diagnostics Package (PDP), a self-contained, deployable satellite that could

be deployed up to 15 m above the Orbiter payload bay by the Remote Manipulator

System (RMS) (Shawhan et al., 1984).

No measurements were obtained in the Orbiter's wake during STS-3 and it

is the wake aspect of spacecraft-space plasma interactions that is most

intense and with which the preponderance of ground-based simulations and

theoretical models has dealt. However, the PDP experiment was reflown on the

Spacelab 2 mission, which took place on July 29-August 6, 1985. Measurements

were obtained in the Orbiter's near wake during the PDP RMS maneuvers and in

the far wake when the PDP was deployed as a free-flyer. In this paper, we

present a brief assessment of measurements obtained in the Orbiter's near wake

with one of the PDP instruments, the Differential Ion Flux Probe (DIFP),

during the PDP attached, RMS maneuvers.

EXPERIMENTAL CONDITIONS

The DIFP was originally developed for the diagnosis of complex,

nonparallel ion flows found to exist in the wakes of laboratory test bodies

(Stone, 1977). Details of the flight model design are described in Stone et

al. (1985). Its mounting arrangement and field of view on the PDP are given

in Stone et al. (1983). It should be noted that the PDP is a clean (no solar



cells) and geometrically simple body. The PDPsurface wasmadeconducting by

covering its thermal blanket with a grounded, fine meshwire screen.

The data discussed in this paper were obtained on Julian day 214, 1985,

with the Orbiter in a hi-inertial modethat resulted in the payload bay being

pointed at the Sunwhen the Orbiter was in sunlight, and into deep space when

in the Earth's shadow. The Orbiter was oriented with its X-axis (the axis of

symmetry) approximately normal to the orbital plane; i.e., the axis of

symmetrywas always approximately perpendicular to the direction of motion.

During this period, the PDPwas parked on the Orbiter's port side, 13.7 m from

the Orbiter's axis of symmetry, approximately in the plane of the payload bay

forward bulkhead, and oriented so that the DIFP was pointed at the Orbiter as

shownin Figure 1 (see the normal vector _). In this configuration, the DIFP

electronically swept a 5° acceptance window for ions _50 ° across the Orbiter's

axis of symmetry while the PDP was swept through the Orbiter's wake once per

orbit near the sub-solar point. Ions streaming into the instrument from above

and below the Orbiter were deconvolved by the differential angular scan and

their characteristics (i.e., flow direction, drift energy, current density,

and temperature) measured _ndependently.

Figure I also shows the effect of the changing geometry of the Orbiter's

cross section on the characteristics of the plasma wake and the position of

the PDP within the wake. The angle shown beside each panel is the projection

of the plasma ram velocity into the Y-Z plane of the Orbiter. (The variation

of the out-of-plane ram velocity component during the indicated attitude

change was about 11.5°.) Note that in the top panel the ionospheric plasma

flows directly across the payload bay and the PDP is located well outside of

the geometric wake (the cross-hatched region) approximately at the Mach

line. In the middle panel, the Orbiter has rotated 17.5 ° placing the PDP in

2



the center of the geometric wake subtended by the starboard payload bay door

radiator and bottom port side of the Orbiter. Finally, the bottom panel

depicts the situation as the PDPexits the wake region. Note, also, that the

effective body size varies greatly with rotation, e.g., approximately 3 m for

the top panel and 6 m to 7 m for the bottom panel. Therefore, two things

becomeapparent that must be accounted for in the analysis of the wake

measurements: (I) the variation of the Orbiter's effective scale size and (2)

the actual position of the PDPwith respect to the leading edges of the

Orbiter (initiation points for each side of the wake)--both of which vary with

the Orbiter's angle-of-attack.

EXPERIMENTALOBSERVATIONS

The ion flow direction and current density from one of the wake transits

are shownin Figures 2a and 2b, respectively. Note that the DIFP was exposed

to the "ambient" ionospheric ram current for the period 0 to 5 minutes (Figure

2a). These ions have not undergone any significant deflection as evidenced by

their near zero angle-of-attack (i.e., the ion flow direction is approximately

aligned with the orbital velocity vector). Oncethe PDPentered the wake

region as denoted by the Machline in the top panel of Figure I, the ion

current direction abruptly changedand strong perturbations of the ion current

density, shownin Figure 2b, were observed as the PDPmovedinto the Orbiter's

wake. Note that the angles-of-attack, shownin Figure 2a, have been corrected

for PDPsheath effects and that the current values, shownin Figure 2b, have

been adjusted for the variation in DIFP sensitivity with angle (Stone et al.,

1985).

Shortly after passing the Mach line, beginning at 7 minutes and

continuing through 13 minutes, two ion streams are observed simultaneously



(Figures 2a and 2b). The occurrence of the two ion streams coincides roughly

with the geometric wake region. At the wake boundary, the ram current that

was initially aligned with the orbital velocity vector is nowdeflected

downwardand into the void region of the Orbiter's wake. This stream

increases monotonically in angle-of-attack while decreasing in intensity with

the motion of the PDPacross the wake (Figures 2a and 2b). The second stream,

which is deflected upward from beneath the Orbiter, follows the opposite

sequence. (The dropout in current for stream 2 at about 14 minutes into the

wake transit is possibly due to a dense burst of neutral gas from the

Orbiter.) Figure 2a shows that the direction of each stream varied linearly

over a range of 30° in angle-of-attack (relative to the Orbiter velocity

vector) as the PDP moved across the wake.

DISCUSSION OF RESULTS

First we note that the Orbiter's wake is filled at a much faster rate

than would be possible as the result of simple thermal diffusion. This is

shown by the fact that (1) although the ion accoustic Mach angle for the

Orbiter in this case is I0°_I °, Figure 2a shows that the measured angles-of-

attack for the observed ion streams at the wake axis (see middle panel of

Figure I) are in the range of 15 ° to 17 ° , indicating supersonic ion motion

into the wake; and (2) the ion void filling actually began well upstream of

the point of measurement (13.7 m downstream), evidenced by the continuous

observation of ion currents well above the instrument sensitivity threshold

across the entire wake, as shown in Figure 2b. Note that at the axial cros-

sing point of the stream lines in the leading edge of the inflowing ion flux,

the current density profile is expected to dip to very low levels. This point

will occur approximately 18 m downstream for ion thermal motion. It is appar-

ent, therefore, that the ions have been accelerated into the Orbiter's wake.



The required ion acceleration could be produced by an electric field in

the Orbiter's plasma sheath, or by an electric field generated along the

plasma wake void boundary by the basic process of collisionless plasma

expansion (Samir et al., 1983). Because of its large scale size (~1000 Debye

lengths), the Orbiter has a thin sheath. Since the effectiveness of the

currents deflected by the plasma sheath in filling the wake void must be

proportional to the ratio of the cross-sectional area of the sheath to that of

the body, this is not expected to be an important wake filling mechanism for

the Orbiter.

Regarding the possibility of collisionless plasma expansion, experimental

and theoretical investigations have shown that this process can occur almost

any time a sufficient density gradient exists in a plasma. In the case of the

Orbiter, a strong density gradient is created in the very near wake at the

boundary of the plasma void region. Moreover, collisionless plasma expansion

has been shown to occur in streaming laboratory plasmas under similar, steady

state conditions in which the density gradient was created in the near wake of

a large plate oriented normal to the plasma flow (Wright et al., 1985, 1986;

wright, 1988). The linear increase in the transverse velocity of the ions to

values exceeding the ion acoustic speed, shown by the linear variation in

angle-of-attack for the converging streams shown in Figure 2a, is inconsistent

with ion thermal diffusion, but consistent with both sheath and plasma

expansion induced accelerations. However, the processes differ in that the

expansion electric field accelerates ions over an extended region, resulting

in curved trajectories and, therefore, greater angles-of-attack than can be

produced by an "impulse-like" deflection within the Orbiter's plasma sheath

(see Figure 3).



To test this point, a more exact analysis of the effects of the changing

Orbiter geometry is needed. In Figure 4, the locations of the vector ion flow

measurementsare given in terms of distance from the initiation point of the

wake at the corresponding side of the Orbiter, i.e., distance downstreamfrom

the initial point of contact of the Orbiter with the ionospheric flow and

lateral distance from the edge of the geometric wake (see Figure I). Note

that the effective downstream location of the measurementsfor ion streams

having positive and negative angles-of-attack is different because of the

difference in the position of the leading edge on the respective sides of the

Orbiter.

At each measurementposition, the direction of the ion stream is given

and the following observations are nowpermitted: (I) with the exception of

the outer-most measurementobtained during transition out of the wake, all

points outside of the Mach line are approximately aligned with the ambient

rammedplasma; (2) the points inside the Mach line showmeasurable angles-of-

attack, indicating acceleration into the wake; (3) the angle-of-attack

(acceleration) of ion streams deflected from both above and below the Orbiter

increases with penetration into the wake beyond the Mach line; and (4) a line

extended back upstream at the angle-of-attack from each measurement point,

that lies within the Mach line, intercepts the Mach line downstream from the

Orbiter and intercepts the plane of the Orbiter well beyond the limits of any

reasonable sheath thickness, i.e., approximately 2 m from the Orbiter's

surface for the ion streams deflected into the wake from above the Orbiter.

(Note that observation (4) does not hold strictly for the ion streams arriving

from below the Orbiter. Since the point at the largest distance outside the

wake does not return to ambient, some other effects may be present. (The

reason for this is being investigated further.)



It is apparent from observation (4) that, at least for the ion streams

originating from above the Orbiter, the angles-of-attack are too large for the

deflection to have occurred within the Orbiter's sheath. However, as

previously mentioned, "plasma expansion into a vacuum" will produce curved

streamlines and larger angles-of-attack that are consistent with the above

measurements. These observations, therefore, strongly suggest that the

collisionless plasma expansion (or "plasma expansion into a vacuum") process

is a significant factor in the near wake of the Orbiter.

Comparing the plasma depletion, e _ I(wake)/I(ambient) = 0.14, obtained

from Figure 2b, with previous results, we find that at this point in the wake

of the Orbiter (for which Rd ) 1000), e is greater than the value (_ = 0.5)

measured at a similar distance (5 R o) downstream in the wake of the Ariel I

satellite where R d ~ 10 (Henderson and Samir, 1967), but comparable to the

values (a = 0.17) obtained in laboratory simulation experiments for R d _ 1-10

at z/R o = 3 (Stone, 1981). We can speculate that the Ariel I wake was less

depleted because of the difference in Mach numbers (3.75 compared to 5-6 for

the Orbiter) since Samir et al. (1986) have shown that the amount of depletion

increased with ion acoustic Mach number for the Dynamics Explorer I

satellite. The two results are, therefore, consistent.

The laboratory plasmas are non-magnetized and the gyroradius is not a

significant factor for the near wakes of either the Orbiter or ionospheric

satellites since orbiting spacecraft move ~95 m in one-half of a gyroperiod

(the "effective gyroradius for orbital motion"). It, therefore, appears that

R d is not a significant factor for the plasma in the near wakes of bodies

whose size is much less than the "effective gyroradius for orbital motion."

Finally, we note that the current profile for the ion stream coming from

above the Orbiter with a positive angle-of-attack (stream I in Figure 2b)



consistently exhibited a region of ion rarefaction just outside of the ion

acoustic Mach cone of the Orbiter. This structure is not understood at

present, although similar structures have also been observed in space in the

wake of the Ariel I satellite (Samir, 1973) and during the Gemini-Agena 10

wake experiment (Troy et al., 1970).

CONCLUSIONS

The data shown in Figure 2 are the first from an in situ experiment in

which differential, vector measurements were obtained of ion streams in the

disturbed, nonparallel plasma flow produced in the wakes of ionospheric

satellites. The significant conclusions and speculations supported by these

measurements are:

(I) The plasma wake of a large ionospheric spacecraft closes much faster

than would be possible from simple thermal motion. Therefore, we conclude

that the ions filling the wake have been accelerated at some point, or over an

extended region, by an electric field.

(2) The source of the electric field could be either a plasma sheath

surrounding the Orbiter or charge separation extending along the wake boundary

created by collisionless plasma expansion into the void region behind the

Orbiter. The fact that the inrushing ions converge on the wake axis at angles

greater than would be allowed by an "impulse-like" sheath deflection at the

Orbiter stongly suggests the operation of the collisionless plasma expansion

process and its spatially extended electric field.

(3) The depth of the Orbiter's wake void is in agreement with laboratory

experiments and previous in situ data where the measurements were obtained at

a comparable normalized distance downstream. In view of the wide variation in

8



Debye ratios in these examples, we conclude that the plasma depletion in the

near wake of bodies that are much smaller than the effective gyroradius for

orbital motion is not sensitive to the body scale size in the plasma.
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Figure Captions

Fig. I. Experimental configuration. Schematic of the PDP traversal through

the Orbiter's wake. The angle indicated is the projection of the plasma ram

velocity into the Orbiter's Y-Z plane. The cross-hatched region indicates the

geometric wake and the vector n is the DIFP normal. The time notation beside

each panel is the relative time used in Figure 2.

Fig. 2. Experimental data. (a) Ion flow direction, relative to the Orbiter

velocity vector versus time (or position in wake); the tic marks indicate when

the PDP crosses the Mach lines shown in Figure I. (b) Ion current density for

each individual stream versus time. Note that the geometric wake of the

Oribter extends approximately from 7.7 to 13.5 min. The dip in stream 2 at 14

min is thought to be due to a dense burst of neutral gas from the Orbiter.

Fig. 3. A comparison of ion trajectories produced by a localized acceleration

of ions within a thin plasma sheath, and by an extended acceleration of ions

by an "expansion electric field."

Fig. 4. Ion flow direction at various measurement locations given in terms of

distance from the wake origin (leading edge of the Orbiter). _ is the

distance downstream measured along the geometric wake axis and X is the

lateral (perpendicular) distance from the edge of the geometric wake,

where -X lies inside the wake. 0 and _ indicate ion streams flowing over the

Orbiter top and bottom surfaces, respectively.
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During tileSpacelab-2 Space Shuttlemission a I keV, 100 mA, square wave mod-

ulated,electronsource (FPEG) and a plasma diagnosticssub-satellite(PDP) were

used to investigatethe propertiesof radio waves generated by electronbeams in

space. A varietyofelectronbeam pulsingsequences were executed to investigate

specificpropertiesof the beam-plasma-wave interaction.In addition to operations

conducted with the PDP in the payload bay,severalinvestigationswere conducted

with the PDP operated as a free-flying satellite at distances of several hundred me-

ters from the Orbiter. In this paper we present the results of three beam operation

sequences _bich provide new information about the characteristics of wave gener-

ation by electron beams. Those sequences are: (I) the 'DC flux tube connection'

sequence in which the FPEG was operated with continuous electron emission while

the Orbiter maneuvered to connect tile PDP and tile Orbiter on the same mag-

netic field line: (2) A 'Pulsed flux tube connection' sequence for which the electron

beam was square wave modulated at 1.22 kHz; and (3) A 'Prox Ops' sequence in

which the FPEG was again pulsed at 1.22 kHz while the PDP was mounted in

the Orbiter payload bay rather than operating as a free-flying satellite. Analysis

of the amplitudes of VLF emissions from these FPEG sequences allows comparison

of broadband emissions from the DC and pulsed electron beams, comparison of

broadband and narrowband emissions during the pulsed electron beam emissions,

and investigation of the production and propagation properties of radio waves gener-

ated by DC and pulsed electron beams in space plasmas. Spectrograms showing the

general characteristics of the aml)ient wave environment and the wave environment



generated duringthese threesequences are presented.The resultsofelectronbeam

generatedwave observationsfrom the STS-3/OSS-I missionwere verified.Both DC

and modulated electronbeams produce copiousbroadband emissions.Square-wave

modulated electronbeams produce narrowband radiationat the pulsingfrequency

and itsharmonics along with the broadband emissions. The time evolution and

spectralstructureof broadband and narrowband emissions are analyzed. Our ob-

servationsindicatedthat DC, 50 mA electronbeams and pulsed,50% duty cycle,

100 mA beams produce broadband radiationwhich iscomparable in intensityand

spectralshape at allpointsforwhich the wave fieldwas sampled. Observation of

the waves produced by the electronbeam during the flux tube connectionsindi-

cate that there are three zones of wave emissions characterizedby the amplitude

of waves in those spatialregions. Zone 1 is a highly disturbed region near the

beam with very intensewave activity.Zone 2 isthe regionof propagating waves

and zone 3 containslower amplitude emissionswhich are near-fieldcontributions.

The amplitude of narrowband emissionsappear to be in good agreement with the

predictionsof theory for waves generated through the Cherenkov resonance with

wave normal angleslessthan the resonance cone angleand the harmonic structure

of the narrowband radiationisfound to be dependent on the beam propagation

characteristics.

2

1. INTRODUCTION

Since the first experiment with electron beams in space plasmas [Hess, et al., 1969] there has

been continu_d and growing interest in beam-plasma experiments conducted in the ionosphere and

magnetosphere. Rocket-borne electron beam experiments have been used to investigate a large

range of phenomena including propagation of an electron bunch in the magnetosphere [tVinck-

let, 1980], electrical charging of rockets [e.g., Maehlum et al., 1980; Myers et al., I988], electric

fields at geosynchronous altitudes [Meltzner, 1978], radio wave emission from modulated electron

beams [G'endrin, 197J; Itolzworth and I(oons, 1981; tVinckler et al., I98J and 1985], and the chaxg-

ing and wave generation mechanisms involved in a tethered rocket system [Sasaid et al., 1986a].

The first electron beam experiment to be carried on the space shuttle was flown on the March

1982 flight, STS-3, as part of the Vehicle Charging and Potential (VCAP) experiment on the

Office of Space Science-1 (OSS-1) mission [Banks et al., 1987]. Cooperative use of a square-wave

modulated (1 keV, 50/100 mA) Fast Pulsed Electron Generator (FPEG) and the instruments on

the University of Iowa Plasma Diagnostics Package (PDP) permitted numerous observations of the

interaction of the electron beam with the ambient plasma environment in the vicinity of the Orbiter.

These experiments, because of the relatively long duration of the orbit, could be used to investigate
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the disturbed plasma environment around the Orbiter [Shawhan et al., 1984a; Banks et al., 1987/,

charging of the Orbiter during passive conditions and during electron beam injection in a variety

of plasma environments [[[awkin8 1988], and the production of waves produced by both DC said

square wave modulated electron beams [Shawhan et al., 198,_b; Reeve8 et aL, 1988].

Three shuttle based electron beam experiments have followed. The Space Experiments with

Particle Accelerators (SEPAC) beam-plasma experiments were flown on the Spacelab-1 mission

in 1983. The SEPAC experiments utilized a higher power electron beam (up to 5 key, 300 mA),

a plasma plume injector, a neutral gas plume injector, a TV camera, and a diagnostics pack-

age to investigate the properties of spacecraft charging, neutralization, said return currents for

relatively high power electron beams. The results of these experiments have been reported by

Obayashi et al., [1982], Ak_ [1984], Sasaki [1986b], Cai et al. [1987], and Neubert et al. [1986a/.

The separate PICPAB experiment investigated the radiation produced by operation of the electron

beam [Beghin et al., 1984].

More recent electron beam experiments in space took place on the Spacelab-2 mission in July

and August 1985. Spacelab-2 included a reflight of VCAP and the PDP. During this mission the

PDP was released as a free-flying satellite for a period of six hours. During the free-flight the

Orbiter and the PDP completed six earth orbits while the Orbiter maaaeuvered around the PDP

allowing measurement of the plasma and wave environment out to separations of several hundred

meters. Four periods of the free-flight included carefully planned magnetic flux Cube connections

in which the Orbiter maneuvered into a position such that it passed through the same geomagnetic

field lines as the PDP. Two flux tube connections were used to study the effects of the passive

interaction of the Orbiter with the ionosphere, one flux tube connection took place with the FPEG

operating in DC mode with a 50 mA current, and during the final connection the FPEG was pulsed

at 1.22 kHz, 100 mA with a duty cycle of 50% (beam on-time equals beam off-time). A total of

325 electron beam pulsing sequences were conducted with the PDP free-flying said mounted in the

payload bay.

An overview of the Spacelab-2 mission is forthcoming in Banks et al. [1988]. Gurnett et al.

[1966] and Farrell et al. [1988] reported on resonance cone, whistler-mode radiation observed during

the DC flux tube connection using filter bank data in the range 31 Hz-17.8 MHz. Results from

the PDP wideband VLF wave receiver during the Pulsed flux tube connection were reported by

Bush et al. [1987] and Neubert et al. [1988].

2. EXPERIMENT DESCRIPTION

This paper presents the results of tile electron beam wave generation results from three separate

pulsing sequences. These are the 'DC flux tube connection', tile 'Pulsed flux tube connection', and

the 'Prox Ops' sequences. Details of the orbital and instrumental parameters for these sequences
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axegivenin Table I.During the DC and Pulsed fiuxtube connections,the PDP was releasedas a

free-flyingsatelliteand the Orbitermaneuvered around itso thattheseparationofthe Orbiterand

the PDP would allowthesaxnplingwave fieldsin a range of positionswith respectto the beam.

FigureI shows the trajectoryof the PDP relativeto the Orbiter. The startand stop times

foreach sequence axe noted and one pointisplottedevery 30 s. The coordinatesystem ispicked

with the Orbiterat the origin.The verticalaxisis the distanceparallelto the magnetic field

linewhich passesthrough the Orbiter,hereafterreferredto as the 'conjunctionfieldline',and the

horizontalaxisisthe distanceperpendicularto thatfieldline.(Note thatthe conjunctionfieldline

refersto the instantaneousfieldlineconnectedto the Orbiter,not a geomagneticfieldlinewhich is

fixedinspace.)Negativedistanceson the horizontalaxiscorrespondto times when the PDP was

approachingthe conjunctionfieldlineand positivedistancescorrespond to times when the PDP

was receding.For r± - 0, the PDP and the Orbiterlieon the same geomagnetic fieldllneand

thisisreferredto as the fluxtube connection.The attitudeof the Orbiterwas such that at all

times the Orbiterz-axis(risingout of the payload b_v,perpendicularto the plane containingthe

wings) pointedtoward the PDP. Beam electronsfollowa helicaltrajectoryalong the fieldlineso

the anglebetween the conjunctionfieldlineand a lineconnectingthe Orbiterto the PDP defines

the pitchangle of the electronbeam as wellas the ray anglesof wave emissionsdetected by the

PDP. During the Prox Ops sequencethe PDP was mounted in the payload bay 6.62 m from the

FPEG aperture(figure2)and the FPEG was operatedin the same mode as during the Pulsed flux

tube connection.

The data presentedin thispaper were acquiredusingthe wideband receiveron the University

ofIowa Plasma DiagnosticsPackage. A descriptionofthe use of the wideband receiverformaking

VLF wave observationscan be found inReeveset al.f1988/and issummarized here.The wideband

receivermeasured two frequencybands,ELF and VLF, with frequencylimits40-1000 Hz and 0.4-

10 kHz respectively.Data inthe two bands were obtained simultaneously.The wideband receiver

was connected alternatelyto a 3.89 m electricdipoleantenna and a 16 inch long, 10,000 turn

magnetic fieldsearchcoil.Every fourthmagnetic antenna period was replaced by an antenna

period when the wave receiverwas connected to a Langmuir probe and during those times the

broadband wave data cannot be used. In additionto thisantenna switchingpattern,the VLF

band couldmeasure signalsheterodynedfronthigherfrequencyrangesintothe 0-10 kHz frequency

range.The VLF band monitored the approximate frequencyranges0-10 kHz for26 s,20-10 kHz

(withinvertedfrequencyresponse)for13 s,and 20-30 kHz for13 s.The antenna switchingpattern

isillustratedinfigure3. The antenna switchingpatternisthe originofmany of the apparent gaps

or discontinuitiesin the wave data as well_ the lackof simultaneouselectricand magnetic field

data.

In additiontothe wideband wave receiver,the PDP containeda Langmuir probe which was used

to measure the plasma electrondensity,a Low Energy Proton and Electron DifferentialEnergy
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AnMyzer (LEPEDEA) which measured electronand proton energy spectra,a tri-axialfluxgate

magnetometer which measured the magnitude and directionof the ambient magnetic field,the

IMP/HELIOS filterbank, and a varietyofotherinstrumentswhich werenot usedinthisexperiment

/Shawhan et aL, 198Ja]. The IMP/HELIOS instrumentconsistedof 16, 10% band-width falters

in the range 31 Hz to 17.8MHz which were connectedto the electricdipoleand magnetic search

coilantennas to provide additionalwave fieldinformation.The VehicleCharging and Potential

(VCAP) experiment pac'l_gecontainedthe FPEG, a Langm.uirprobe,a sphericalretardingand

potentialanalyzerand charge and currentprobes. These instrumentsprovided informationon

vehiclechargingand returncurrentcollectionduringambient conditionsand duringelectronbeam

injection/Banks et al., 1988].

3. OBSERVATIONS

The wideband wave receiver data is in the form of an analog broadband audio waveform. The

amplitude of the signal is kept within strict limits with an automatic gain control (AGC) with a

100 dB dynamic range. In order to analyze the amplitude of the spectral components of the received

wave signal select periods of VLF band wave data were digitized at a rate of 25000 samples/sec

which, in conjunction with the bandpass of the receiver, leaves the frequency ranges of interest

without aliased signals. This data was then Fourier transformed into time-frequency spectrograms

with a resolution of 12.207 Hz and 40.96 ms. At this point the spectrograms can be displayed to

observe the general wave characteristics but the AGC modulation of the signal is still superimposed

on the data (See, for example, figure 4 of this paper and figures 2 and 3 of Bush et al./1987]). In

the following section we present spectrograms from the three sequences under consideration and

discuss the general observations.

General Results

Figure 4 shows four spectrograms produced from the VLF wideband electric antenna data. In

each spectrogram one antenna period is shown. The antenna switching pattern is most obvious

in figures 4c-d. We note again that the first 26 s are 0-10 kHz, the next 13 s are 10-20 kHz and

is inverted (with 10 kHz at the top of the scale), and the final 13 s are 20- 30 kHz. The AGC

modulation of the signal keeps the total wave amplitude in the band roughly constant therefore

amplitudes are relative.

The Ambient Wave Environment.

Figure 4a is the electric response during the Pulsed flux tube connection before the FPEG is

turned on. At this time the PDP is located at a position with respect to the Orbiter which is

100 m along the conjunction field line and 250 m perpendicular to it (-250 m in figure 1). The

electric field is seen to be very highly time varying with the strongest wave response occurring



due to naturalatmospherics,includingwhistlers,and to wave emissionsdue to Orbiter thruster

operation.(Orbiterthrusterfiringsare frequentduring the fluxtube connections.)During this

antenna periodthe wave spectrum isdominated by smalldispersionatmospherics.The whistlers

can be identifiedin the spectrograms by a slight'hook'in the frequencyresponseat frequencies

low frequencies.They were found to have amplitudesof up to 5 x 10-5 V/m as measured with

the electricdipoleantenna and 10-s nT as measured with the magnetic searchcoilantenna during

daytime conditions.During nighttimeconditions,the maximum amplitudeswere i0-r V/m and

10-6 nT. The amplitudesof the whistlersignalsobservedinfigure4a peak between 3-4 kHz which

isin the range of the lowerhybrid frequencywhich was approximately3.6 kHz at thistime. The

maximum amplitude of whistlersreportedby Hayakawa et al. [1986]during daytime conditions

were 6 x 10-4 V/m at 25o latitudeand 2.5× 10-4 V/m at 35o latitude.Ithas alsobeen reported

in the literature[IIelliwell,1965] that whistlersaxe oftenobserved to have enhanced amplitudes

near the lower hybridfrequencyso we findthat our measurements axe ingeneralagreement with

previousobservations.

The effectof the Orbiterreactioncontrolsystem (RCS) and attitudecontrolsystem (ACS) on

the plasma wave response was usuallyto enhance plasma wave amplitudes by up to an order of

magnitude above existinglevels.The effectsof thrustersupon the VLF wave signalsand return

currentdistributionduring electronbeam operationaxe activeareasof investigationand willbe

reportedelsewhere.

Another featureobserved in the ambient wave spectrum during the fluxtube connections,is

the presenceof variablefrequency,narrowband emissionsbetween 7 and 16 kHz with amplitudes

which can exceed 10-6 V/m. The frequencyof the naxrowband emissionsvarieswith time and

appears to repeatwith a periodof,,,13 s.During the free-flight,the PDP was spinstabilizedand

rotatedwith a periodof_,13 s.Itiscuriousthatthe variationofthesenaxrowband signalsappears

with the spin periodof the PDP ratherthan witfhhalfthe spinperiodas would be expected for

a symmetric singlea_isantenna. Although the whistlersaxeobserved with both the electricand

the magnetic antennas,thesenarrowband emissionsare observed only through theirelectricfield

signature.Waves with similarfeatureshave been observed from rocketsand satellites.They are

thought to be generatedby the interactionofthe spacecraftwith the ambient plasma as discussed

in Neubert et al. [1986b] and references therein.

The DC Flux Tube Connection.

Figure 4b shows the electric field response during the DC flux tube connection when the FPEG

is firing and the PDP is near the conjunction field line. During this antenna period the PDP is

located 225 m along and 45 m perpendicular to the conjunction field line. It is apparent that

operation of the FPEG produces broadband emissions at all frequencies within the limits of the

receiver. The broadband emissions dominate the ambient wave fields at all times that the FPEG is
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firing.In thisspectrogram,the strongestemissionsare seen between 4 and 8 kHz, near the lower

hybridfrequency(f,#_ _ 6.6 kHz) and theseemissionsshow spinmodulation due tothe rotation

of the PDP. The effectsof thrustersaxe alsoobserved and axe most apparent at 1 mad 21 s in the

figure.Although itappears that wave activityisdiminished,thisisonly an effectof the AGC.

In fact,wave amplitudesare enhanced at allmeasured frequenciesduringthrusteroperationsbut

the dominance of lower frequency wave amplitudes suppressesthe apparent amplitude at higher

frequencies.

The Pulsed Flux Tube Connection.

The electricfieldresponseduring the Pulsed fluxtube connectionisshown in figure4c. The

PDP was at a distanceof approximately210 m paralleland 35 m perpendiculartothe conjunction

fieldlineand the FPEG was being modulated at 1.22kHz. Broadband emissionsare observed in

allfrequencyrangesas was the caseforDC beam operation.Itwillbe seen below (figure6) that

the amplitude of broadband emissionsfrom the pulsedbeaa-nare comparable to thosefrom the DC

beam but appear lessprominent in the spectrogramsshown here due to the actionof the AGC.

Figure4c alsoshows that the pulsedelectronbeam produces naxrowband emissionssuperimposed

on the broadbaaldsignals.These occur at the beam pulsingfrequencyof 1.22kHz and at higher

harmonics. The even harmonics axe visiblebut with significantlyreduced amplitudeasispredicted

by Fouriertransformtheoryfora 50% duty cycle,squarewave modulated beam.

The PDP was spinningwith a periodof~ 13.6s duringitsfree-flightand many wave emissions

show significantamplitude variationsas a result.The spin modulation of the broadband and

narrowband emissionsisparticularlyapparent in figure4c. Since the antennas are symmetric,

the PDP spin period givesa wave modulation period of one halfthe spin period or 6.8 s. In

figure5 the magnetic fieldamplitude ofthe fundamental (1.22kHz) isplottedasa functionoftime

along with the functionsin2(oJt).From the phase of the modulation and the known positionand

orientationof the PDP, the polarizationof the observed signalscan be deduced. The analysisis,

however, complicatedby secondary instrumentaleffects.Ithas been found,forexample, that the

LEPEDEA instrument aboard the PDP can make anomalous periodicchanges to the potentialof

the PDP and that these shifts can affect the wave results [7"ribble et aL, 1988]. It appears that

the spin modulation and instrumental effects can be separated and the polarization of the signals

analyzed. Results will be presented in a later paper. Figure 5 also shows perturbations to the wave

signals due to thruster operation on the Orbiter. In this case the duration of the thruster operation

(0.24 s) is much less than the AGC sample rate (1.6 s) so the amplitudes are unreliable.

The Proz Ops Sequence.

The final spectrogram, figure 4d shows an antenna period from the Prox Ops sequence. At ,,_ 20 s

in the figure, the FPEG is turned on and modulated at 1.22 kHz. Throughout this time the PDP is

mounted in the payload bay and the presence of Orbiter interference lines below 500 Hz reduces the



apparentamplitude of the other emissions. Prior to FPEG turn-on the spectrum is broadband and

low amplitude. When the FPEG begins pulsing narrowband emissions up to 30 kHz are observed

with odd harmonics dominating. Notably absent is the effect of spin modulation which, of course,

does not occur when the PDP is mounted in the payload bay.

Discussion.

The spectrograms shown in figures 4a-d provide an overview of the wave response to electron

beam operation but are lacking in some respects. They do not, however, provide absolute amplitude

information so the wave intensities from one sequence to another or even from one time within a

sequence to another. This must come from the more derailed analysis in the next section. Also,

the Pulsed flux tube connection and the Prox Ops sequences span seven antenna periods and the

DC flux tube connection spans ten. Figure 4 provides only one antenna period from each of the

three sequences and cannot show the time evolution for the duration of the sequences.

To quantifythe analysisofradiationfrom the electronbeam, the datawas numericallyprocessed

to compensate for the effectsof the AGC. This was done by using the telemeteredvaluesof the

gain appliedto the signaland the pre-flightcalibrationof the receiversystem. To determine the

accuracyof theAGC compensation procedure,the resultswere compared with the wave amplitudes

from the IMP/HELIOS instrument,which measured wave fieldamplitudeswith a filterbank which

was not connectedto the AGC. Agreement withina factoroftwo was found at timeswhen the total

wave amplitude changed slowlyon thescaleofthe 1.6s AGC data sample rate.(SeeReeves,f1988/

for a fullexplanationof the AGC compensation procedure.) It isimportant to note that,as

resultof the Fouriertransformingof digitizeddata,'amplitude',as used in thispaper,means the

amplitudeofa 12 Hz Fourierspectralcomponent. Although one could transformamplitude(insay,

V/m) intospectralamplitude (inV/m-Hz I/2)thiswould be appropriateonly forthe broadband

signalsbut would not apply to narrowband signals.Because some spectracontainboth broadband

and narrowband signals,allamplitudesin the VLF band are the amplitudesof the 12 Hz Fourier

components.

The resultoftheAGC compensation procedureisthatabsolutewave amplitudescan be obtained.

By averagingover thne,the averagewave spectra(amplitude as a functionof frequency)forthe

sequencescan be compared. This has been done forelectricand magnetic wave fieldsforthe three

sequences and our resultsare presentedin the followingsection.The long term variationfrom

one antenna periodto another can alsobe investigatedby consideringthe amplitudein a selected

frequencyrange asa functionoftime. Resultsfrom thisanalysisare presentedforeachof the three

sequencesin the finalobservationsection.

Wave spectra from the three sequences

Using the technique, described above, composite spectra have been be crested showing the cal-



ibratedwaveresponseof the plasmato electronbeaminjection.Figure6 shows the time averaged

amplitude vs. frequency for the DC and Pulsed flux tube connections and for the Prox Ops se-

quence. In this paper we have used the convention that, where figures are to be compared with the

spectrograms such as in figure 4, time is plotted on the horizontal axis and frequency is plotted on

the vertical axis.

The spectraare complicatedby some instrumentaland processingeffectswhich deserveconsid-

eration.The magnetic spectrum forthe DC fluxtube connection(figure6a lower panel)shows

theseeffectsmost clearly.The spectraare composites produced by adjoiningthe spectrafrom the

0-10, 10-20,and 20-30 kHz frequencyranges of the VLF band. They are not measured simul-

taneouslyand, for the fluxtube connections,the PDP ismoving with respectto the conjunction

fieldline.Thereforetherecan be discontinuitiesat 10 and 20 kHz. There isalsoan effectdue to

the the receiverfiltersensitivity.In the 0-10 kHz range the filterfunctionisfairlyflatfrom .9to

nearly 10 kHz. From .9down to .4kHz thereissome roll-off(as isverifiedby comparison with

the ELF band data) and below .4kHz the signalisdominated by spuriousnoise.The 10-20 and

20-30 kHz rangeswere heterodyned down intothe 0-10 kHz range and then re-scaledfordisplay.

As noted,the 10-20 kHz range was alsoinvertedin frequency.Thus the 'lowerend' of the filter

responseisseennear 20 kHz forboth frequencyrangesand isthe explanationforthe noiseatthose

frequencies.In additionitisseenthat the frequencyresponseof the heterodyned signalsisnot as

fiatas itisfor the 0-10 kHz frequencyrange although thiseffectisconsiderablyreduced forthe

Prox Ops sequence,which measured more intensesignalsand was not spinningor moving in time.

There are alsonarrowband signalswhich are attributableto instrumentaleffects.Virtuallyall

the narrowband emissionsobservedinthe spectraforthe DC fluxtube connectionareinstrumental

in origin.The most prominent of theseisseenin the magnetic spectrum at 11.5kHz which islikely

to be from a sourceon the PDP. The slightlybroader signalat 24.8 kHz isspin modulated and

has an amplitude which varieswith distancefrom the conjunctionfieldlineand hence islikely

originateon the Orbiter. In additionthere,'iresmall amplitude, narrowband signalswhich can

be found at 1.1or 2.2 kHz from the 'lowerend' of the 10 kHz wide frequencybands. They are

clearlyinstrumentaland have not been investigatedindetail.We can note that,when the PDP is

mounted inthe payload bay,thereisa considerablemagnetic,narrow band noisewhich complicates

the appearance of the magnetic spectra.This isin contrastto the OSS-1 missionin which there

was significant electric, narrowband noise but little magnetic interference [Shawhan et al., I984a;

Reeves et al., 1988]. The instrumental effects are also present, but not labeled, in the other spectra

in figure 6.

The DC Flux Tube Connection.

The relevant orbital and instrumental parameters for this and the other two sequences are

given in Table 1. The DC flux tube connection sequence took place at relatively high latitudes
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duringdaytime with an ambient electrondensityof ,,_I0s cm -3. Figure6a shows the electricfield

measured at _,50 m from the conjunctionfieldlineand the magnetic fieldmeasured at ,,,25 m

whilethe electronbeam isoperated in DC mode with a currentof 50 mA. In the VLF range at

theselocations,broadband electricand magnetic emissionsaregeneratedby the beam. The electric

fieldwave amplitudesfallin the range 10-8 - 10-6 V/m and the magnetic amplitudesare between

2 × 10-7 and 2 × 10-5 aT. The amplitude ofthe signals,at thisdistance,decreaseswith frequency,

at a steadyrate,up to the 30 kHz limitof the receiver.The ratioof c(B)/(E) (where () denotes

time average)isof order i and isfairlyconstautwith frequency.

The Pulsed Flux Tube Connection.

The spectra for two antenna periods during the Pulsed flux tube connection are shown in fig-

ure 6b. Tile electric and magnetic field measurements were made at perpendicular distances of

approximately 35 and 70 m respectively. It is notable that the broadband signals from the 100 mA,

50% on-time, pulsed electron beam are comparable in amplitude to the 50 mA, 100% on-time, DC

electron beam for both the electric and the magnetic fields and at all frequencies measured. The

narrowband emissions are considerably stronger than the broadband emissions. Narrowband wave

amplitudes lie between 5 x 10 -s and 5 x 10 -4 V/m for the electric antenna and between 10 -a

and 10 -3 nT for the magnetic antenna. The amplitudes of the narrowband emissions generally de-

crease with frequency but show a greater variation titan the broadband emissions. The narrowband

emissions are more electromagnetic than the broadband emissions with c(B)/(E) of order 10.

The Prox Ops Sequence.

During the Prox Ops sequence the electron beam was modulated at 1.22 kHz, 100 mA, 50%

duty cycle and the PDP was mounted in the payload bay. The spectra are shown in figure 6c. We

see that the broadband emissions again have c(B)/(E) of order 1 and have a similar spectral shape

to the broadband emissions from the DC and Pulsed flux tube connection sequences. However,

the emissions are an order of magnitude stronger due to the proximity of the PDP to the FPEG

(6.62 m). The narrowband emissions again show strong response at the pulsing frequency and its

harmonics but c(B)/IE, ) is only of order 1. Some of the variation of harmonic structure is seen

by comparing the amplitudes of the even harmonics with those measured during the Pulsed flux

tube connection. The magnetic field amplitudes _tre quite similar but the electric field amplitudes

during the Prox Ops sequence are considerably enhanced. This is not simply a result of the PDP

being in the payload bay since a variety of harmonic structures are observed with the PDP both

mounted and free-flying.

The time-variation of wave amplitudes

Investigation of the long-term evolution of the wave amplitudes as a function of time were

made. To do this, the data was processed to extract the average amplitude in the frequency band
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1.7-1.8 kHz. The frequency range 1.7-1.8 kHz was chosen because it lies between harmonics of

1.22 kHz and contains only broadband emissions but is near enough in frequency to the 1.22 kHz

fundamental frequency so a comparison of broadband and narrowband amplitudes can be made.

Data was extracted for all the antenna periods which measured the 0-10 kHz range during the

DC and Pulsed flux tube connections. The average wave amplitude in the frequency range 1.7-

1.8 kHz is shown as a function of time for the DC flux tube connection (figure 7) and for the Pulsed

flux tube connection (figure 8).

The DC Flux Tube Connection.

The DC flux tube connection data starts at day 213, 03:28 GMT. At this time the Orbiter is on

the Earth's day side. The PDP passes closest to the conjunction field line at approximately 03:34:01

and this is referred to as the 'flux tube connection'. The sequence ends at 03:39 still in daytime

conditions. During both flux tube connection sequences, the electron beam is freely escaping and

has a pitch angle given by the angle between the magnetic field line and a line connecting the

Orbiter and the PDP. (See figure 1.) The electron beam emission began at 03:30:12. Before this

time the PDP measured highly time varying ambient fields. As was the case for the Pulsed flux tube

connection, the strongest emissions are due to natural whistlers and to the effects of the Orbiter

thrusters. (See figure 4a.)

When the FPEG is turned on the measured fields become more structured with the second

magnetic and third electric antenna periods showing the most clear spin modulation of the signals.

The electric field amplitudes show less structure but the average field amplitudes are only slightly

enhanced above the pre-gun-turn-on levels of about 10 -6 V/re. The magnetic field amplitudes are

also enhanced above background levels but still lie close to the range of 5 × 10 -6 nT seen before

FPEG turn-on to 5 x 10 -s nT after FPEG turn-off. While the FPEG is on, field amplitudes remain

fairly constant with tit,, exception of the fourth electric antenna period when intense electric fields

are measured which saturate the Automatic Gain Control for nearly 10 s and then drop rapidly

back down to the 10 -s V/m level. The strongest signal was measured when the PDP was at its

closest approach to the conjunction field line. This distance has been calculated to be less than

5m.

The Pulsed Fluz Tube Connection.

The Pulsed flux tube connection data starts on day 213 at 04:04 GMT, lasts for 13 rain, and takes

place on the night side of the earth. For this sequence, the FPEG is off throughout the period of

approach to the conjunction field line and is turned on when the PDP is near its closest approach,

unfortunately while the wideband receiver is connected to the Langmuir probe, preventing the

acquisition of wave data. The FPEG is then on for the remainder of the sequence while the PDP

completes a trajectory very similar to that for the DC flux tube connection (figure 1). We see that
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theambientfields,measured with the FPEG off,are nearlyI00 timesweaker forthe electricand 10

timesweakerforthe magnetic fieldmeasurements. As seen from the spectrograms in figure4, the

ambient fields,althoughslightlyspinmodulated, are dominated by naturalwhistlersand thruster

wave effectsastheywere inthe DC case.With the FPEG on we seeenhanced electricand magnetic

fieldamplitudesthatdrop off"as the PDP moves away from the conjunctionfieldline.The electric

fieldamplitudesatabout 100 m perpendiculardistancefrom the beam areon the orderof10-6 V/m

and the magnetic fieldamplitudesrange from 10-_ to 10-5 nT. These valuesare very nearly the

same asthe amplitudesofbroadband emissionsinthe DC caseand, aswe have seen,the amplitude

ofbroadband emissionsduringthe two fluxtube connectionstend to be thesame forallfrequencies

in the 0-30 kHz range.

For the Pulsed fluxtube connectionwe can alsocompare the dependence of fieldamplitude

as a functionof distancefrom the conjunctionfieldlinefor narrowband as well as broadband

emissions.This dependence isshown in fignre9a for the electricantenna and figure9b for the

magnetic antenna. The amplitude plotted is the amplitude averaged over the 26 s duration of

the 0-10 kHz frequency range and the distance is the average distance during that period. The

electric field amplitude of the narrowband emission at 1.22 kHz is five times stronger than the

average broadband amplitude in the 1.7-1.9 kHz frequency range and the magnetic field amplitude

at 1.22 kHz is fifteen times stronger than the broadband amplitudes. This ratio stays fairly constant

and thus relatively independent of where the wave field is measured.

It should be noted that a comparison of broadband and narrowband emissions at higher harmonic

frequencies shows different behavior because the harmonic structure of the narrowband emissions

variesin time and/or distance.Figure I0 shows the harmonic structureat fourdistancesforthe

electricantenna (a)and at threedistancesforthe magnetic antenna (b).One interestingfeatureis

thatforgreaterdistancesfrom the conjunctionfieldline,the electricfieldamplitudesof the second

and thirdharmonics are largerthan the amplitude of the fundamental. The magnetic fielddata

does not displaythisbehaviorbut insteadshows the even harmonics (the'forbidden'frequencies)

at greatlyreduced amplitudesforalldistances.The unexpected strengthof the second and third

harmonic electricfieldamplitudes at largedistancesmay be due to theirproximity to the lower

hybridresonancefrequencywhich isapproximately3.6 kHz for the conditionsduring the Pulsed

fluxtube connection.

The Proz Ops Sequence.

The Prox Ops sequence begins on day 212 in sunlight. The Orbiter velocity vector was directed

toward the nose and slightly down (below the plane of the wings) so the payload bay was in light

wake conditions. (See table 1.) At 18:31:42 the electron beam was turned on and the electric

field broadband and narrowband amplitudes increased over previous background levels by roughly

a factor of 10 and 100 respectively (figure 11). The amplitude of broadband and narrowband
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emissions stays fairly constant up to 18:35:15 when the electron beam was determined to have hit

the Orbiter starboard payload bay door. We observe that the amplitude of both the narrowba.nd and

the broadband electric emissions abruptly increase at this time while the magnetic field amplitudes

do not. When the FPEG turns off at 18:36:52, the broa_lba_d signals are at their pre-sequence

levels while the 1.22 kHz signals are aa order of m_nitude higher indicating that the Orbiter

environment is still 'ringing' st the pulsing frequency. The spectra shown in figure 6c are from

the earlier portion of the sequence when the electron beam was escaping. Spectra from the later

portion of the sequence are considerably different with the 0-10 kHz, even and odd harmonics of

comparable amplitude (figure 12).

4. DISCUSSION

Comparison with STS-3/OSS-1

The wave spectra from pulsed electron beam operations on Spacelsb-2 were found to confirm and

extend the results from the STS-3/OSS-1 mission/Reeves et aL, Ig88J. Broadband electromagnetic

emissions are produced by beam operations and narrowband emissions at the pulsing frequency

and its harmonics are observed both during the free-flight and when the PDP was mounted in the

payload bay (as it was for STS-3). The harmonic structure of narrowband emissions varies from

one sequence to another. As in figure 4c, it is often observed that narrowband frequencies for which

sin(7_r b/d) = 0 (where 7 is the harmonic number and b/d is the duty cycle) are not observed or

are observed with significantly reduced amplitudes. For this reason, these frequencies are referred

to as 'forbidden frequencies'. The presence of emissions at the forbidden frequencies is thought to

reflect a loss of coherence of the square-wave structure of the current source, as will be discussed

further below.

An important observation from STS-3/OSS-1 was the detection of 'satellite lines' and 'sub-

harmonics'. Satellite lines were identified as narrowband emissions associated with the harmonics

of the beam pulsing frequency. During the STS-3 mission, they were often observed in conjunction

with harmonics particularly in the higher frequency ranges (20-30 kHz). The difference between

the frequency of the harmonic and the satellite line (A)') was found to be the same for each

harmonic which had an associated satellite line, but Af itself varied with time. Sub-harmonics

are narrowband emissions observed well below the pulsing frequency, usually in the ELF band. It

was found that the frequency of the sub-harmonics (J'o,b) was equal to the difference in frequencies

between the satellitelinesand the harmonics (fsub= A f). (See figure9 of Reeves et al.[1988].)

Satellitelinesand sub-harmonics have been observedon the Spacelab-2missionduring the Pulsed

fluxtube connectionsequence. As with STS-3, itwas observed that the satellitelinesare more

commonly associatedwith higherharmonics,that fJub= A f, and thatfsuband Af vary in time.

These observationsare mentioned hereforcompleteness.An analysisofthe productionofsatellite

linesand sub-harmonics willappear isa laterpublication.



14

The results from the STS-3/OSS-1 mission presented by Reeves et al. [1988] and preliminary

observations from Spacelab-2 presented by Bush et al. [1987] were primarily qualitative observA-

tions of the characteristics of electron beam wave generation. The development of a technique for

extracting wave amplitude from the broadband data has allowed for a more quantitative discussion

for the results of Spacelab-2.

Broadband emissions from pulsed and DC electron beams

Figures 6, 7, and 8 reveal some basic information about the amplitude of broadband emissions

generated by electron beams in space plasmas. It appears that DC and pulsed electron beams

that deliver the same power into the plasma medium produce broadband emissions of comparable

amplitude and comparable spectral shape when measured at similar locations with respect to the

magnetic field line along which the electron beam propagates. The background fields during the DC

flux tube connection were considerably stronger than the background fields during the Pulsed flux

tube connection. When the FPEG is on, the measured field amplitudes range from saturated values

at locations very near the conjunction field line to 10-e V/rn and 10-e-10 -snT at larger distances

from the conjunction field line. In the case of the DC flux tube connection, the amplitudes of beam

generated electromagnetic fields at larger distances are of the same order as the background fields

while for the Pulsed flux tube connection, the beam generated fields are above the background

levels at all points of measurement. Although, as we would expect, the amplitude is a function

of the frequency and the position at which the wave field is measured, we can make some general

comments about broadband wave production by electron beams propagating along magnetic field

lines in the ionosphere.

From figures ? and 8 we identify three zones of wave amplitude. Zone 1 occurs very near

the conjunction field line and is a narrow region of very intense wave activity. Zoue 2 spans a

somewhat wider re_ion of space than zone 1 and is characterized by a very rapid decrease in

amplitude with increasing distance from the conjunction field line. Zone 3 contains wave fields that

are of significantly lower amplitude than those in zones 1 and 2 but often above the amplitude of

ambient, background wave activity.

Zmle 1 is a region of very disturbed plasma which exists in a region near the electron beam

and in the wake of the beam. For the DC flux tube connection zone 1 extends approximately

20 m in diameter which is somewhat larger than the region in which the beam is expected to be

propagating. It is characterized by a very turbulent plasma environment which makes measurement

of temperature and density unreliable. As observed, it is also a region of intense wave activity which

saturated the wideband receiver. These waves include the Cherenkov, resonance cone radiation

which at higher frequencies produces the funnel-shaped emissions observed by Gurnett et al. _1986].

At frequencies below 30 kHz those waves propagate at less than 5° to the magnetic field and thus

occupy a region of very small spatial extent.
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The wavesin zone 2 have been identified as produced by the Cherenkov resonance with wave

normal angles less then the resonance cone allgle [Reeves et al., this issue]. Zone 2 can be defined by

the region of propagation of this radiation. Although the free-flight of the PDP allowed sampling of

the wave environment to distances of several hundred meters perpendicular to the conjunction field

line it still lay within a distance which is less than or of the order of a perpendiculat wavelength of

radiation in this mode.

The emissions observed in zone 3 lie outside the region of propagation for Cherenkov raAiation

with wave normal angles less than the resonance cone angle. However, the enhanced amplitude of

emissions observed in this region compared to ambient wave fields ca_ be attributed to neat-field

radiation which is observable within a few perpendiculat wavelengths of the conjunction field line.

The reader is referred to the accompanying paper [Reeves et al., this issue] for a more detailed

theoretical analysis of the waves found in these zones.

Narrowband emissions

We have seen that the amplitudes of natrowband emissions produced by pulsed electron beams

share some of the same characteristics as broadband emissions. The theory of Hatker and Banks

[I987] was developed to predict the electric field amplitudes of natrowband, near-field radiation

from pulsed electron beams in space. Neubert and Harker [1988] extended this theory natrowbend

magnetic field amplitudes. A detailed comparison of the observed and predicted amplitudes of the

natrowband radiation can be found in the accompenying paper [Reeves et al., this issue]. There

it is shown that the best agreement between observation end theory occurs for the predictions for

Cherenkov radiation with wave normal angles less then the resonance cone angle. The predicted

wave amplitudes for the conditions during the Pulsed flux tube connection sequence are presented

in figure 13. The electric and magnetic field amplitudes are plotted vs. harmonic number for

the distances at which measurements were made. Comparison of figures 13 and 10 show that the

observed wave amplitudes for the odd harmonics are somewhat lower than those predicted by theory

but are comparable in amplitude and spectral shape. The theory does not predict amplitudes for

the even harmonics because of the assumption of perfect squate-wave coherence.

The harmonic structure of narrowband emissions

The prediction that the even harmonics are 'forbidden' is specific to the case of an electron

beam which is pulsed with a 50% duty cycle. Ill general, eny harmonic for which the harmonic

number times the duty cycle of the beam pulse is integral will be predicted to be forbidden. This

is _t rcsnlt of the Follrier decomposition of the square wave shape of the electron beam current

and is independent of the details of the calculation. We observe that the even harmonics have a

substantially reduced magnetic component but that the electric component may have an amplitude

which exceeds the amplitude of the odd h_rmonics (figures 6 and 10). The presence of natrowband

harmonics at the forbidden frequencies is most likely due to a degradation in the coherence of the
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beam making the assumption of a perfectsquare wave currentsourceinvalid.This possibilityis

supportedby an analysisof the harmonic structureduring the Prox Ops sequence.

During the Prox Ops sequence the PDP measures fieldsin the Orbiterpayload bay 6.62m the

FPEG aperture.Both the broadband and narrowband amplitudesare thereforehigherthan those

measured duringthe free-flightattimes otherthan the periodofAGC saturationinzone i.During

the Prox Ops sequence the PDP isfixedin position.However, the relativeorientationsof the

Orbiterwith respectto the ambient magnetic fieldvectorchangesso that the Prox Ops sequence

beginswith the electronbeam freelyescapingthe Orbiterbay but ends with the beam hittingthe

Orbiter.Using the measured valuesof the ambient magnetic fieldstrengthand directionand the

nominal electronbeam energy of i keV, the trajectoryof the electronscan be calculated.This

informationwas used with a three-dimensionalcomputer model ofthe Orbiterand the instruments

in the payload bay to determine that,as the magnetic fielddirectionchanged from 120° to 114°

from the Orbiter z-axis,the electronbeam hit the Orbiter on the starboardpayload bay door

approximately4 m from the FPEG aperture.The calculationswere done assuming each electronin

the beam actsindependentlyand followsthe classicalhelicaltrajectoryaround the magnetic field.

Observationsof the electronbeam hittingthe tailof the Orbiterusing the Low Light Level TV

camera on the OSS-I mission have shown that thisisnot the case. Rather,the electronsspread

both along and acrossthe magnetic fielddirectionto form a hollowcylinderdefinedby the gyro-

radiusofthe electronsand the magnetic fieldwhich willbe referredtoas the 'beam column'/BanKs

and Raitt,1988].This spreadingtakesplacewithina distanceofseveralmetersso the intersection

of the beam column and the Orbitersurfaceismore likelyan ark definedby the intersectionof the

beam column and thepayload bay doors.The resultofthechange inthe propagationoftheelectron

beam away from the Orbiterisa change in the characteristicsofradiationfrom the electronbeam.

The factthatelectricfieldamplitudes increasewhen the electronbeam hitsthe Orbiterwhilethe

magnetic fieldamplitudes do not (figure11) suggeststhat the fieldsmeasured very closeto the

beam are near-field,incoherentemissionsbut thatthe currentdistributionstilldefinesthe spectral

structure.The spectralstructureof the narrowband emissionsgivesome cluesas to the radiating

portionof theelectronbeam pulse.When the beam isfreelyescaping,the spatialdistancebetween

two 1.22 kIIzpulsesis 15 km in freespace. When the beam hitsthe Orbiteritslengthisonly

severalmeters and the harmonic structureof the beam changes as isshown infigure12. The even

harmonics inthe 0-10 kHz frequencyrange become comparable inamplitudeto the odd harmonics

because the square wave currentstructureislost.

5. CONCLUSIONS

The VLF wave observations from the wideband wave receiver on Spacelab-2 confirm and ex-

tend the results of electron beam wave stimulation experiments on the STS-3/OSS-1 mission

[Reeves et al., 1988]. It was found on both missions that a 1 keV electron beam injected from the
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Space ShuttleOrbiterproduced copiousbroadband electromagneticemissions.When the electron

beam was square-wavemodulated, narrowband emissionsat the pulsingfrequencyand harmonics

ofthatfrequencyare observed to be produced alongwith the broadband emissions.The harmonic

structureof the narrowband emissionswas oftenconsistentwith the assumption of a square-wave

currentsourcebut,at times,forbiddenfrequencieswere observedindicatingsome lossofcoherence

in the square-wavestructure.Satellitelinesand sub-harmonics with fJub ----Af were observed

duringthe Pulsedfluxtube connectionbut the productionofsatellitelinesdoesnot appear to have

been as common during the Spacelab-2 beam firingsas during beam firingson the STS-3/OSS-1

mission.

The Spacelab-2missionincludeda 6 hour free-flightof the PDP which allowedsampling ofthe

wave environment out to severalhundred meters from the Orbiter. In addition,a techniquewas

developedwherein the broadband analogsignalwas digitizedand the effectsofthe automatic gain

controlcould be removed. This allowed the determinationof absolutewave amplitudes. These

two improvements allowmore quantitativeobservationsand more detailedanalysisofthe electron

beam wave generationresultsthan was possibleforthe STS-3 experiments.

Itwas found thatthe wave environment at distancesofseveralhundred meters from the Orbiter

when the FPEG was not firingwas dominated by broadband naturalatmosphericsand Orbiter

thruster-generatedwave disturbances.Ambient wave fieldscan have amplitudesup to i0-s V/m;

10-s nT but the higheramplitude wave fieldstend to be observed mainly in regionsof higher

ambient plasma density.The broadband ambient wave amplitudesmay be spinmodulated but are

often more highlytime varying. Narrowband, electrostatic,variablefrequencyemissionsare also

observed in the ambient wave environment.

During both DC and Pulsed electronbeam operations,broadband electromagneticradiation

isproduced throughout the 0-30 kHz range of the wideband receiver.The observationsof wave

amplitudes from the wideband receiverand the IMP/HELIOS filterbank indicatethat thisis

radiationproduced by the Cherenkov resonance. During the fiuxtube connectionsitispossible

to observe the wave fieldsat variouslocationswith respectto the conjunctionfieldline.Three

zones of wave activitywere identified.Zone I occurs closestto the conjunctionfieldline.Itis

characterizedby a regionofveryturbulentplasma and by largeamplitude waves with wave normal

angleson the resonancecone (0 = 9_e_).These waves saturatethe wideband VLF wave receiver

and are responsibleforthe funnelshaped emissionidentifiedby Gurnett et aJ.f1986].Broadband

VLF emissionsin the range 100 < f < 30,000 Hz are identifiedin Reeves et al. fthisissue]as

Cherenkov resonancewaves with 0 <_(_e,.Zone 2 isdefinedby the regionof propagationof those

waves. Zone 3 containsnear-fieldcontributionsto the wave environment which existwithina few

perpendicularwavelengths from the conjunctionfieldline.The amplitude of theseemissions,in

some cases,stillexceedsthe amplitude of waves in the ambient environment.

The amplitude of broadband emissionsduring the Pulsed fluxtube connection sequence was



18

found to be approximately equal to those for the DC ttux tube connection sequence when measured

at similar positions with respect to the conjunction field llne. This was true throughout the mea-

sured frequency range. These results indicate that 100 mA, 50% duty cycle, pulsed beams produce

broadband emissions through the same mechanism as for 100 mA, DC beams.

In addition to broadband radiation, pulsed electron beams produce narrowband radiation at the

pulsing frequency and its harmonics. Comparison of measured amplitudes with predictions using

the theory of Harker and Banks [1587] for near-field, narrowband radiation from pulsed electron

beams show good agreement for the 8 - 0, Cherenkov resonance solutions with wave normal angles

less than the resonance cone angle (0 _ $_e,). The observed waves generally have amplitudes less

than those predicted by Harker and Banks but are less than a factor of 30 lower in amplitude than

predicted. The observed harmonic structure is consistent with the predictions with the exception

of the electric field measurements at distances greater than 100 m from the conjunction field line.

For those measurements, the second and third harmonics, which have frequencies near the lower

hybrid frequency, appear with slightly enhanced amplitudes. The observation that the broadband

and narrowband amplitudes near the beam pulsing frequency have the same variation in amplitude

with perpendicular distance to the.conjunction field line is also consistent with the conclusion that

both are produced through s : 0, Cherenkov resonance with 0 _ Bros.

The presence of emissions at the forbidden frequencies is not predicted by theory but appears

to be the result of loss, or partial loss, of the coherence of the square-wave structure of the current

source. In the case of a 50% duty cycle beam pulsing, the even harmonics are forbidden. Observa-

tions during the Prox Ops sequence show that, when the beam is freely escaping, the amplitude of

the forbidden, even harmonics is as much as two orders of magnitude lower than the odd harmon-

ics. As the inclination of the earth's magnetic field with respect to the Orbiter changed during the

Prox Ops sequence, the electron beam hit the Orbiter payload bay doors instead of escaping. At

this time the wave amplitudes measured in the payload bay increased and the harmonic structure

changed such that forbidden, even harmonics appeared with amplitudes equal to the amplitude of

the odd harmonics. It is believed that this is the result of the inability of the beam to maintain

square-wave structure. In general it is found that observations of the magnetic field components at

the forbidden frequencies are in better agreement with theory and that the harmonics at forbidden

frequencies are more electrostatic than the other harmonics.
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6. FIGURE CAPTIONS

Table 1. Instrumental and orbital parameters for the Spacelab-2 mission which are relevant to

the DC and Pulsed flux tube connections and the Prox Ops sequences. Orbital parameters are from

the best estimated trajectory tables for Spacelab-2. Characteristic frequencies are calculated for the

measured or estimated magnetic field strengths and electron densities. For the Prox Ops sequence,

the electron density was taken to be one third of that predicted by the International tteference

Ionosphere model [Blitza, 1986] based on comparison of measured and predicted densities for the

other two sequences.

Figure 1. The trajectory of the PDP for two flux tube connections. The Orbiter is at the origin

and parallel and perpendicular refer to the conjunction field line connected to the Orbiter. The

trajectories for the DC and the Pulsed flux tube connections are shown. Sequence start and stop

times are noted and one point is plotted for every 30 s.

Figure 2. The position of the FPEG, the PDP, the CCP, and other instruments mounted in the

payload bay on Spacelab-2. The orbiter coordinate system is also indicated in the figure.

Figure 3. The antenna switching pattern. One antenna switching cycle consists of 8 'antenna

periods' which alternate between electric and magnetic antennas with the final magnetic antenna

period being replaced by a Langmuir probe period. Both the ELF and VLF bands are subject to

the same, synchronized, switching pattern. In addition, the VLF band is subjected to a frequency

switching pattern. In both the electric and magnetic antenna periods, 0- 10 kHz is measured for

half a period and 20-10 kHz (inverted) and 20-30 kHz are measured for a quarter period.

Figure 4. Spectrograms of four antenna periods during the Spacelab-2 mission. The antenna

switching pattern is superimposed on the data so the first 26 s are 0-10 kHz, the next 13 s are

10-20 kHz (with 10 kHz at the top) and tile final 13 s are 20-30 kHz. The AGC modulation of the

amplitudes has not been removed so amplitudes are relative. (a) An antenna period from the Pulsed

flux tube connection sequence before FPEG turn-on. The ambient wave field includes natural

atmospherics, including whistlers; Orbiter thruster-generated waves; and narrowband, variable

frequency emissions. (b) An antenna period from the DC flux tube connection sequence. The

FPFG is operating in DC mode with a 50 mA beam current. Broadband beam-generated emissions

are observed and the amplitude if these emissions are modulated by the spin of the PDP. (c) An

antenna period from the Pulsed flux tube connection when the FPEG is pulsing with a 100 mA

beam current and a 50% duty cycle at 1.22 kllz. Narrowband harmonics and broadband emissions

are observed and are spill modulated. (d) .An antenna period from the Prox Ops sequence when

the PDP is in the payload bay and the FPEG is pulsing a.t 1.22 kllz, 100 mA, 50% duty cycle.

Strongnarrowband harmonics are seen beginning t9 s into the antenna period when the FPEG is

turned on.

Figure 5. The amplitude of the 1.22 ktfz narrowband emission observed with the magnetic field
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searchcoilplottedas a functionof time. Spin modulation of the amplitudedue to the rotationof

the PDP isobserved and may be compared with the functionsin2(wt).A transientdisturbance

due to the operationof the orbiterthrustersisalsoobserved.

Figure6. The 0-30 kHz wave spectrafor(a) the DC fluxtube connection,(b) the Pulsed flux

tube connection,and (c)the Prox Ops sequence.The upper plotsin each figureshow the electric

fieldamplitude (inV/m) vs.frequency.The lowerplotsshow magnetic fieldamplitude (innT) vs.

frequency.To facilitatecomparison with the spectrogramsof figure4,frequencyisplottedon the

vertical a_'ds.

Figure 7. The amplitude of electric (top) and magnetic (bottom) field components in the fre-

quency range 1.7-1.9 kHz as a function of time for the DC flux tube connection sequence. The

trajectory of the PDP is shown in figure 1. Three zones of beam-generated wave emissions and the

region of ambient wave fields may be identified with various amplitudes. Gaps in the wave data

are times when the wave receiver is observing waves in the 10-30 kHz frequency range.

Figure 8. The amplitude of electric (top) and magnetic (bottom) field components in the fre-

quency range 1.7-1.9 kHz as a function of time for the Pulsed flux tube connection sequence. The

trajectory of the PDP is shown in figure 1. At the time of closest approach to the conjunction field

line the FPEG is turned on. The wave receiver was connected to the Langmuir probe at this time

and there is an additional gap in the wave data.

Figure 9. A comparison of narrowband and broadband field strengths as a function of perpen-

dicular distance to the conjunction field line during the Pulsed flux tube connection as measured by

the (a) electric dipole antenna and (b) the magnetic search coil antenna. The ratio of amplitudes

is observed to be a fairly constant function of distance from the conjunction field line.

Figure 10. The measured (a) electric (b) and magnetic field harmonic structure during the

Pulsed flux tube connection at various distances from the conjunction field line. For distances

greater than 100 m the electric field amplitudes of the second and third harmonics are observed

to be slightly enhanced. For the magnetic field measurements the even, forbidden harmonics are

plotted with dashed lines and are observed to be of significantly lower amplitude than the odd

harmonics.

Figure 11. The time-variation of the electric and magnetic field amplitudes during the Prox Ops

sequence showing the increase in electric field strength when the beam is turned on and the further

increase when the electron beam hits the Orbiter instead of propagating away fi'om the Orbiter.

The amplitude of the 1.22 kltz emission observed with the magnetic antenna does not increase

when the beam hits the orbiter.

Figure 12. A comparison of the amplitudes of narrowband harmonics of the 1.22 kHz pulsing

frequency during the Prox Ops sequence. When the beam is freely escaping front the Orbiter,

the even 'forbidden' harmonics appear with significantly reduced amplitude compared to the odd
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harmonics. When the beam hitsthe Orbiter,itssquare-wavecurrentstructureislostand the even

harmonics appear with amplitudes which arecomparable to the amplitudesofthe odd harmonics.

Figure13.The (a)electricand (b)magnetic fieldamplitudespredictedusingthe theoryofHarker

and Banks flP87J.Plotsshow the predictedamplitude forthe s --0, Cherenkov resonance with

0 < 0,esasa functionofharmonic number. The measured magnetic fieldstrength,electrondensity,

and pitchangle appropriatefor the Pulsed fluxtube connectionwere used for the calculation.

Compariso_lwith tilemeasured amplitudes (figurei0)show fairlygood agreement.



Table I

Instrumental or Orbital
Parameters

beam energy
beam current

duty cycle
locationof PDP

sequence start time

sequence stop time
FPEG turn-on

FPEG turn-off

DC Flux Tube
Connection

1 keY

50 mA

100%

free-flight

213/03:28

213/03:39

213/03:30:12
213/03:37:22

Pulsed Fhix Tube
Connection

1 keV

100 mA
50%

free-flight

213/04:04
213/04:17

213/04:11:13
213/04:18:23

Prox Ops

Sequence
1 keV

100 mA

5O%

payload bay
6.62 m from FPEG

212/18:31

212/18:39
212/18:31:42

212/18:38:52
altitude of the Orbiter

start latitude

stop latitude

start longitude
stop longitude

day/night

measured electron density

IRI predicted electron density

magnetic field strength t

magnetic field azinmth t

magnetic field elevation t

325 km

28 °
54 o

15 °

18 o

day
1 x 10a cm -a

3.5 x l0 s cm -a

.407-G

356 °

_0 a

321 km
3 °

-38 °

1•
4o

night
3 × 104 cm -3

8.1 x 104 cm -a

.225 G

14o

_, 0°

327 km

48o

48°

14 °

27o

day
unavailable

6.5 x 105 cm -3

.476 O

99o

115°

shuttlevelocity

velocityazimuth t

velocityelevationt
÷

he ÷

I,_(O+)
A_(H +)

Ir-HR _

7.7 km/s

354 °

75 o

2.8 MHz

1.1 MHz

38.8 Hz
611 Hz

6.6 kHz

7.7 km/s

166 °

126 °

1.6 MHz

.63 MHz
21.5 Hz
344 Hz

3.6 kHz

7.7 km/s

354 °

118 °

4.0 Mltz

1.3 MHz

45.4 Hz
727 Hz

8.4 kHz

1"valuesare for the time ofclosestapproach tothe conjunctionfieldline

:_calculatedusing 2% H + and measured electrondensitiesforthe DC

and Pulsed fluxtube connectionsand n_ = ._6.5x 105 cm -3 forthe Prox Ops sequence.
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VLF Wave Emissions by Pulsed and DC Electron

Beams in Space 2: Analysis of Spacelab-2 Results

G. D. REEVES, P. M. BANKS, T. NEUBERT, AND K.J. HARKER

Space Telecommunications and Radioscience Laboratory, Stanford University, Stanford California

D. A. GVaNET'r

Department of Physics and Astronomy, University of Iowa, Iowa City

Experiments investigating the generation of electromagnetic radio-frequency waves

by the injection of electron beams into ionospheric plasmas were conducted in July

and August of 1985 on the Spacelab-2 Space Shuttle mission. Among the results

were the production of broadband electromagnetic emissions from continuous and

square-wave modulated, low-power (1 keY, 50/100 mA) electron beams and the

observation of narrowband radiation from pulsed beam operations [Reeves et al.,

thisissue].This paper presentsan analysisof the observationsfrom Spacelab-2.

Broadband emissionsfrom DC and pulsedelectronbeams are found tobe consistent

with production of waves through the s = 0,or Cherenkov resonance. Broadband

emissionsatfrequenciesbelow 30 kHz have featureswhich can be explainedinterms

ofpropagationcharacteristicsofwaves,produced through the Cherenkov resonance,

which have wave normal angles lessthan the resonance cone angle. A singleion

cold plasma theory isused to explainsome of the generalfeaturesobserved in the

data. The effectsof the presence of a second ion specieson the wave spectra at

low frequenciesand the effectsof making wave measurements in the near-fieldof

the beam are alsoconsidered.Comparison ofobservationsofnarrowband radiation

with a theory of wave generation by pulsed electronbeams [Harker and Banks,

1987]isalsofound toshow the best agreement with measurements forpredictionsof

Cherenkov resonance with wave normal angleslessthan the resonance cone angle.

1. INTRODUCTION

The Spacelab-2 electron beam wave generation experiments were part of a continuing effort

to investigate the properties of beam-plasma-wave interactions using active experiments in space.

Summaries of some of the research which has been conducted using electron beams in space can be



found in Reeves et al.[th_ issue];Winckler [/980/;and Myers et al.[1988/.The resultsanalyzed

here were obtained by co-operativeuse of the instrumentsin the StanfordUniversity/UtalxState

University, Vehicle Charging and Potential (VCAP) experiment [Banks et aL, 1987; Hawkins 1988]

and the University of Iowa Plasma Diagnostics Package (PDP) [Shawhan et al., 1084a]. The VCAP

experiment included a Fast Pulsed Electron Generator (FPEG) which produced a 1 keV electron

beam with currents of 50 or 100 mA. The beam was operated both continuously, in DC mode,

and in pulsed mode with frequencies and duty cycles which were command controlled. The VCAP

experiment package also included a spherical retarding and potential analyzer, a Langmuir probe,

and charge and current probes which were used to investigate vehicle charging and the collection

of return current during electron beam operations. More information on the VCAP instruments

and their use on the Spacelab-2 and STS-3/OSS-1 missions can be found in Banks et al. [1988];

Hawkins [1988]; and Reeves et al. [1988].

The waves produced by the injection of electrons into the ambient plasma were measured using

instruments on the PDP. The PDP is a sub-satellite which cont;_ined a variety of instruments

for the iuvestigation of the ambient plasma and wave environment around the Orbiter and the

modifications to that environment due to electron beam injection. The PDP was operated both

when it was mounted in the Orbiter payload bay and when it was released as a free-flying satellite

out to distances of several hundred meters from the Orbiter. The PDP instruments included a

wideband wave receiver and an array of band-pass filters known as the IMP/HELIOS instrument.

These instruments were used to investigate the wave fields produced by the interaction of the

electron beam with the ionospheric plasma. The wideband receiver recorded signals in the range 0-

30 kHz using a 1 kHz wide channel (the ELF channel) which monitored the 0-1 kHz frequency range

and a 10 kHz wide channel (the VLF channel) which was switched between the frequency ranges

0-10, 10-20, and 20-30 kHz. Both channels of the wideband receiver were connected, alternately,

to an electric dipole antenna or a magnetic search coil antenna. The IMP/HELIOS instrument

consisted of an array of 16, 10% bandwidth filters in the frequency range 31 Hz to 17.8 MHz.

Filter bank data could be used to observe the general structure of electric fields produced by

beam operations producing a continuous time record (1.6 s time steps) without the complications

of antenna and frequency switching found in the wideband receiver data. Observations of wave

fields produced by electron beam operations on Spacelab-2 using the wideband receiver have been

reported by Bush et al. [1987] and Neubert et al. [1988]. Observations using the IMP/HELIOS

instrument of funnel shaped wave emissions resulting from Cherenkov, resonance-cone propagation

of radiation from electron beams have been discussed by Gurnett et al. [1986] and Farrell et al.,

[1988]. (These two papers will hereafter be referred to as 'GF'.) More detailed descriptions of

the instruments on the PDP and the use of those instruments for the investigation of the plasma

and wave environment in the vicinity of the Orbiter can be found in Shawhan et al. [198,_b];

Gurnett et al. [1986]; Tribble et al. [1988]; and Farrell et al. [1988].



2. A SUMMARY OF SPACELAB-2 WAVE OBSERVATIONS

The analysispresentedhereisbased on theobservationsand discussionpresentedinReevesetal.

[thisissue]which willbe referredto as "GR'. In GR, the amplitudes,spectralcharacteristics,and

time evolutionof waves generatedby continuousand modulated electronbeams were considered.

GR presentedresultsfrom threeelectronbeam wave generationsequenceson Spacelab-2.These

sequencesarereferredtoas the 'DC fluxtube connection',the 'Pulsedfluxtube connection'mad the

'Prox Ops' sequences.In the fluxtube connectionsequencesthe PDP was operatedas a free-flying

sub- satelliteand the Orbiter maneuvered such that the Orbiterand the PDP lay on the same

geomagnetic fieldline:the so-called'conjunctionfieldline'.During the DC fluxtube connection

sequence the FPEG was operated continuouslywith a currentof 50 mA. During the Pulsed flux

tube connectionsequence the FPEG was squarewave modulated at 1.22kHz witha 50% duty cycle

and a 100 mA current. Both the DC and pulsed modes injectthe same amount of power and it

was found that both produce waves with the same amplitude when measured atsimilardistances

with respectto the conjunctionfieldline.(SeefiguresI and 2 of thispaper and figures7 and 8 of

crc)

The spatialareasin which broadband waves of differentamplitudes were observedwere defined

in terms of threezones. In zone i.the plasma environment isdisturbedby the interactionof the

beam with the ambient plasma. Very intensewave activitywhich saturatesthe wideband receiver

iswithin_ 10 m from the beam. These intenseemissionsoccur inzone 1 which isa verydisturbed

regionwhich existsin the vicinityand inthe wake of the electronbeam. Zone 2 containswaves of

lower amplitude and the amplitude drops offrapidlywith distancefrom the conjunctionfieldline.

The spatialextent of zone 2 isdependent on the frequencyof the waves. Zone 3 containswaves

ofsignificantlyreduced amplitude compared to zones 1 and 2 but amplitudes may stillbe greater

than the amplitude uf the ambient wave fields.Zone 3 extends out to distancesgreaterthan the

maximum distancebetween the conjunctionfieldlineand the PDP.

During the Pulsed fluxtube conjunctionand the Prox Ops sequences,the FPEG was pulsedat

1.22kHz with a 50% duty cycle.During the Pulsed fluxtube connection,the PDP was operated

as a free-flyingsatellite.For the Prox Ops sequence,itwas stowed at a fixedpointin the payload

bay 6.62 in from the FPEG. Pulsedelectronbeams were found to produce narrowband emissions

at the pulsingfrequencyand harmonics of that frequency.During the Pulsed fluxtube connection

itwas found that there was a constant ratioof the amplitude of narrowband emissionsat the

pulsingfrequency (1.22kHz) to the amplitude of broadband emissionsnear that frequency(1.7-

1.8 kHz). For the electricfieldmeasurements the narrowband emissionswere approximatelyfive

timesstrongerthan the broadband emissions.For themagnetic fieldmeasurements the narrowband

emissionswere about fifteentimesstronger.These resultswere independentofwhere thefieldswere

measured [GR, figure9].
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The electricfieldwave data from the IMP/HELIOS filterbank providesa good over-viewofthe

wave environment during the DC and Pulsed fluxtube connectionsequences.Figure i issimilar

tothosepresentedinGF. Spectralintensities(inV2/m2-Hz) are presentedincontinuousfrequency

format by interpolatingbetween valuesat the filterfrequencies.Unlikethe VLF wideband receiver,

the IMP/HELIOS instrument had no AGC and the electricfieldmeasurements had no antenna

switchingpatternso a continuoustime recordcould be obtained.Figure I can be compared with

figure7 of GR. The FPEG isoperated continuouslyfrom 03:30:12to 03:37:22.At earlierand later

timesin thefigure,the FPEG isnot on and the ambient wave fieldsareobserved.At approximately

03:34:01the PDP passesclosestto the conjunctionfieldlineand the strongestemissionsare seen

at thistime. Intenseemissionsare observed to be associatedwith a regionwhich isdisturbedby

the injectionof the electronbeam. We see that waves are observed at largerdistancesfrom the

conjunctionfieldline(earlierand latertimes) at frequenciesbelow I kHz. The wave amplitude

drops offmore rapidlywith distanceforfrequenciesabove I kHz. At 10 kHz strongeremissionsare

againobserved at earlierand latertimes (,,,03:33 to ,_03:36).A cut-offinthe broadband, beam-

generated,VLF emissionsisobserved between 2-5 kHz. These characteristicsare interpretable

in terms of the propagationpropertiesof the electronbeam produced waves as willbe discussed

below.

The filterbank data forthe Pulsed fluxtube connectionsequence isshown in figure2 and is

in the same format as figuret. Since there were only four filtersper. decade of frequency,the

narrowband emissionsare not wellrepresented.However, the enhanced amplitude of waves near

I kHz compared to the DC fluxtube connectionisattributableto the contributionof narrowband

signals.The narrowband wave signalsare more clearlyrepresentedin the wideband receiverdata

presentedin GR.

The IMP/HELIOS data for the Pulsed fluxtube connection shows that the broadband wave

production and propagationcharacteristicsare similarforDC and pulsedelectronbeams. For the

Pulsed fluxtube connection,the FPEG was turned on at 04:11:13when the PDP was near the

conjunctionfieldline.The FPEG was turned offat 04:18:23.At times when the FPEG was not

firing,the ambient fieldswere observed. The ambient electricfieldamplitudes are two ordersof

magnitude lower during the Pulsed fluxtube connectionsequence than during the DC fluxtube

connectionsequence [GR/. Zone lemissionsare not observed because the FPEG was not operated

when the PDP was within 10 m of the beam. Zone 2 and zone 3 emissionsare observed as wellas

resonancecone emissionswhich form the 'funnel'above 10 kIIz.

3. ANALYSIS OF ELECTRON BEAM-PLASMA-WAVE INTERACTIONS

Broadband emissions from pulsed and DC electron beams

We begin the analysis of the wave modes produced by pulsed and continuous electron beams



injected into space plasmas by considering the broadband radiation observed in the three zones

identified in the Spacelab-2 wave data during the flux tube connection sequences. For simplicity

we will begin by discussing a two component (O + and e-), cold plasma in the frequency range

0 < w < w,..e where wee isthe electroncyclotronfrequency (fce_ I MHz). We willalsoassume

oscillatorybehaviorofthe fieldswhich isequivalentto an assumption thatwe areinthe fax-fieldof

thewaves. Inordertoapply the theoryofradiationin a coldplasma tothe presentsituation,several

cautionsmust be kept in mind. Electromagneticradiationin the frequencyrange 0 < w <wce can

have wavelengthswhich range from lessthan one Debye lengthto kilometers.Therefore,the PDP

measured wave fieldsthat were, in some circumstances,within one wavelength of the source.In

such a situation,far-fieldradiationassumptions do not strictlyapply.Further,the ambient plasma

containsion speciesother than O + (JtotablyH+), ithas finitetemperature,and isdisturbedby

thrusteremissions,vehicleoutgassing,and the 7.7 km/s velocityof the Orbiter and the PDP

through the medium. Never the less,a firstorder treatment of radiationin a cold plasma can

explainsome of the observed phenomena and itissimpler to conceptualize.Therefore,we will

begin with a firstorder treatment of the propagation of broadband radiationfrom pulsed and

continuouselectronbeams and discusssome important refinementsof thattheoryin the following

section.

First Order Theory.

Following the treatment of Al'pert [1983] we first consider the cold plasma dispersion curves

n2(w), where n is the complex index of refraction (figure 3). Since the dispersion relation is

quadratic in n 2 there are two roots at any given frequency, nl, n2, as given by the sign before the

discriminant. In the frequency range we, < u# < ,,_ce, where wci is the ion-cyclotron frequency, only

the n2 root is real. This branch is called the whistler mode. At lower frequencies, this branch is

sometimes referred to as the fast magnetoacoustic mode. In the range 0 < w < wc_, both roots axe

real and the nt branch is labeled the-ion whistler or Alfven mode. The index of refraction, n, is a

function of the angle, 0, between the wave normal direction and the direction of the magnetic field.

For 0 < w < WLHR (the lower hybrid frequency), the index of refraction surface, n(0), is dosed and

n is finite for all 0. For higher frequencies the surface is open and n(_)) becomes infinite at the

resonance cone angle, Ore s.

In the VLF spectra from Spacelab-2 we find that, in general, there is no distinct change in

wave amplitude or spectral shape a.t the lower hybrid frequency [GR. figure 6]. The continuity

of amplitude across the lower hybrid frequency suggests that the broadband emissions observed

outside the disturbed region near the beam (zone l) are whistler mode emissions that have wave

normal angles less than the resonance cone angle.

To explore this idea in the context of Spacelab-2 observations, we consider the beam-generated

wave amplitudes as a function of ray angle to the source. We define the ray angle, e, as the angle



6

between the ray direction and the magnetic field direction. (The geometry is sketched in figure 4.)

The minimum observable ray angle at a particular location of the PDP will be given by the angle

between the magnetic field line, B, andthe line connecting the Orbiter and the PDP. If we call this

angle/3 then only waves with ray angles o_>_./3 will be observed by the PDP at that time. Waves

withray anglesa -/3 willoriginateat the sourceofthe electronbeam. At the same location,waves

with largerray angleswilloriginateat differentsegments along the lengthof the beam. During

the free-flight,the PDP ismoving with respectto the conjunctionfieldline.When the PDP is

faxfrom the conjunctionfieldline,/3islargeand only propagatingradiationwith larger_y a_gles

shouldbe observed.As the PDP approachesthe conjunctionfieldline,/3decreasesand the range

ofobservableray anglesincreases.

Various wave-paxticleinteractionprocessescan produce radiationin the whistlermode. The

propagationcharacteristicsofradiationfrom theelectronbeam can provideinformationwhich helps

identifythe typeofinteractionobservedinthe Spacelab-2experiments.To determine the expected

wave normal and ray angleswe considerthe resonance condition/ell= (c#- _ce)/vllwhere s = 0

isthe Cherenkov or Langmuir resonance,s - I iscyclotronresonance,and s - -I isanomalous

cyclotronresonance.The index of refractionisgiven by n --/cc/_.For _ <__I.HRonly the s : 0

resonanceispossiblebecause the magnitude of the index of refr:_ctionislessthan that required

fors : ±1 resonance forallwave normal angles. Thus the continuityof amplitude acrossthe

lower hybrid resonance frequencysuggeststhat the dominant mode of wave generationwas the

Cherenkov resonance. This was alsodetermined to be the resonanceconditionforfrequenciesin

the range 0;LXR to O;ce by Gurnett et al. _I986/using wave propagation arguments to explain the

funnel shaped emission observed during the DC flux tube connection at those frequencies.

To be specific, we will consider the conditions which existed during the DC flux tube connection

sequence. (The instrumental and plasma parameters for various electron beam wave generation

sequences on Spacelab-2 are given in Table 1 of GR.) Using vii = 1.9 x 107 m/s for a 1 keY be_.m

directed along the field line and 0;c_ -- 6.3 × l0 s s -l, the Cherenkov resonance condition, 8 - 0,

gives nil - t6 and the Cherenkov resonance condition is independent of frequency. Using the

value nil -- 10 one can calculate the wave normal angle (or phase velocity angle), 0, and the ray

angle (or group velocity angle), c_. According to cold plasma theory, the ray angle then determines

the maximum perpendicular distance at which one would expect to detect far-field radia.tion at _-

particular frequency because at larger perpendicular distances the angle/3 is larger than the ray

angle, c_.

The ambient magnetic field strength and background electron density during the DC flux tube

connection were B0 = .40 Gauss, )z_. = l0 s cm -3. respectively. Using these values we find that

the composition of the VLF (0-30 kHz) wave spectra are consistent with an a -- 0 resonance with

0 <_ 0_=. At low frequencies (f - 100 tIz for example) the condition nil = 10 picks out very large

wave normal angles, 0 _ 90 °, which on a closed index of refraction surface implies large ray angles,
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a _ 90°. This situationis representedschematicallyin figure5a. For f - 1 kHz, the index of

refractionsurfaceisflatter,0 < 90°,and _ becomes small,a _ 5° (figure5b).At higherfrequencies

a resonancecone developsbut the wave normal angleswith 0 < 0_emwhich satisfynll- 16 lieinthe

centralhump. At 15 kHz, 0 _ 60° and again,largerray angles,a _ 20°,are found (figure5c).As

we continueto increasein frequencythe index ofrefractionsurfacegetslower at smal.langlesand

the wave normal anglepickedout by the resonanceconditionapproaches zero.At 30 kHz, 0 ,_0°

and a _ 0° (figure5d).For even higherfrequencies,the valueof the parallelindex ofrefractionfor

0 < 0_esbecomes lessthan 16 and only resonancecone propagationwillsatisfythe s - 0 resonance

condition(figure5e).

The predictedpropagationregionforwaves generatedthrough the Cherenkov resonanceprop-

agating with wave normal angleslessthan the resonance cone angle is shown schematicallyin

figure6. The propagationregionforbroadband radiationisdetermined using coldplasma theory

to determine the far-fieldray anglesof beam generated radiationfor the conditionsof the DC

fluxtube connection.The ray anglesand perpendicularwavelengths for variousfrequenciesare

calculatedassuming Cherenkov resonanceand 0 < 0,es.Frequency has been plottedvs.distanceso

thatfigure6 may be more easilycompared with figuresl and 2. Angle isconvertedintodistance

by multiplyingthe sineof the ray angle by 200 m which isa nomiaal value forthe distancefrom

the Orbiterto the PDP. As indicatedin figure5,the ray angle,and hence the propagationregion,

isa functionof frequency.Low frequencywaves in Cherenkov resonance have largewave normal

anglesand the wave normal decreaseswith increasingfrequencyuntilthe resonanceconditioncan

no longerbe satisfiedin the centralhump of the index of refractionsurface.

For frequenciesabove 30 kHz, only resonancecone emissionsare observed and theseform the

funnelstructureas explainedby Gurnett et al.//986].Resonance cone propagatingwaves e_st at

allfrequenciesbetween fLHR and J'ce,but below f --30 kHz the resonancecone angleisnearly90°

and the ray angles are less than 5 °. The VLF emissions that saturate the wideband wave receiver

in zone 1 are most likely resonance cone propagating waves. The duration of observation of waves

in zone 1 is not represented well in figures 1 and 2 because wave emissions are at the extreme end

of the amplitude scale (red) at VLF frequencies both in zone 1 and in zone 2. The strong wave

emissions observed at _, 03:34 in figure 1 and at ,_ 04:11 in figure 2 are, however, associated with

the region of disturbed plasma near the beam and in its wake. Although the horizontal scale in

figures 1 and 2 are time scales, the distance from the PDP to the conjunction field line for the DC

and Pulsed flux tube connection sequences can be determined from figures 7a and 7b.

The above propagation properties can be observed in the IMP/HELIOS filter bank data (figures 1

and 2). Figures 1 and 6, for the DC flux tube connection, can be compared. The three wave zones

can be identified, the cut-off of non-resonance cone emissions near 30 kHz is apparent, and the

resonance cone emissions which form the funnel above 30 kHz can be observed. The Pulsed flux

tube connection sequence occurred during slightly different ambient conditions and the FPEG was



not operatedduring the approach to the conjunctionfieldline.

Refinements of the First Order Theory.

As noted, the analysis above assumes a two component (e- and 0 +) cold plasma and assumes

far field propagation characteristics. Having determined the general characteristics of broadband

wave production and propagation, we now consider the observed wave effects which are a result of

performing measurements within the near-field of the beam and the spectral characteristics which

are attributable to the presence of a second ion species.

Near-field Wave Observations.

During the Spacelab-2 experiments observations were made at locations that were outside the

propagation region as determined from a far-field, cold plasma model. The waves observed at these

locations are the zone 3 emissions. The reason that the amplitude of the waves measured at these

locations does not drop down to ambient background levels is that the perpendicular wavelength

of propagating waves can be quite large. The perpendicular wavelength is plotted vs. frequency in

figure 6 which provides a measure of the validity and limits of the far-field approximation. Here

the index of refraction for s = 0. 9 < 0.es is calculated using the conditions for the DC flux tube

connection and is used to calculate the component of the wavelength which is perpendicular to

the conjunction field line. For frequencies in the ELF range the wavelengths are several hundred

to several thousand meters except near the ion-cyclotron frequencies. At VLF frequencies below

20 kHz the wavelengths are in the range 100-200 m. Thus, although most of the wave data is taken

within one perpendicular wavelength of the conjunction field line, it is reasonable to assume that

the results of far-field calculations can be applied to the general characteristics of the function of

amplitude vs. ray angle. It is also reasonable to attribute the enhancement of wave amplitudes

above ambient levels in locations outside the region calculated using the far-field assumption to the

effect of ne,_r-field or 'evanescent' waves. The wavelength of resonance cone emissions is less than

or on the order of 10 m and has therefore not been plotted.

The Effects of H + on Observed Wave Spectra.

The first order model of the propagation of far-field radiation derived using cold plasma theory

for a plasma with a single ion species becomes more complex when one considers the presence of

a second ion species. At the orbital altitude of 325 km, C)+ is the dominant ion species. There

is, however, an appreciable amount of singly ionized hydrogen, H +. The effects of the presence

of a second ion species on the spectral characteristics of beam-generated waves are more dramatic

at lower frequencies than at higher frequencies. With H + present, there is an additional ion-

cyclotron resonance which lies at 611 Hz for B = .40 Gauss. The ray angles predicted from

cold plasma theory (figures 5 and 6) show the same general characteristics as for the single-ion

species case for frequencies above the H + ion-cyclotron frequency, fci(H+). For frequencies just
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belowfci(H+), the model ray angle drops to zero but then rapidly increases to large angles with

decreasing frequency until the O + ion-cyclotron frequency at 38 Hz.

The waves observations presented in GR were drawn primarily from the VLF channel of the

wideband receiver. In considering the effects of H +, the spectra from the ELF (O-1 kHz) channel are

more useful. The spectrum from a magnetic antenna period during the DC flux tube connection is

shown in figure 8. Spectrograms are produced by digitizing the analog waveform from the wideband

receiver and performing a discrete Fourier transform over a progressive series of time records. The

ELF spectrograms are prepared in the same way as the VLF spectrograms with the exception of

the data sampling rate (2600 s -x) and the size of the Fourier transform (1024 pt) which result

in a resolution of 2.54 Hz by .197 s. The wideband receiver data, and hence, the spectrograms

contain amplitudes which are kept within a strict range of values by means of an Automatic Gain

Control (AGC). Absolute amplitudes can be obtained by numerically compensating for the effects

fo the AGC. Gains applied by the AGC are removed in the same manner as for the VLF data

and the calibrated spectrum averaged over the 51 s antenna period is shown in figure 9. (GR. and

Reeves [1988] contain further explanation of the digitization and calibration procedures.)

The ELF data shows clear spin modulation of the signals below 500 Hz and a cut-off which

varies between 550-600 i[z. The cut-off is appareltt in the ELF data both when the FPEG is

firing and during ambient conditions. However, the amplitude of the waves is generally greater

during beam operations. The amplitude of ambient wave fields at 150 Hz, for example, is between

10 -s - 10 -s V/m; 5 x 10 -s - 5 x 10 -4 nT for the DC flux tube connection and is approximately

10 -T V/m; 5 x 10 -s nT for the Pulsed flux tube connection. When the FPEG is firing the

amplitude at 150 tIz, for both sequences, is over 10-4 V/m; 10 -3 nT near the conjunction field

line and decreases to 10-s V/m at large distances. The cutoff in the ELF band (figures 8 and 9)

has been identified as the two-ion cut-off which occurs at the so-called 'crossover frequency' (wi,2

in the notation of Al'pert). This is the L = 0 cut-off in the notation of Stix [1962]. During

ambient conditions, a band of noise above the crossover frequency is observed and has a similar

appearance to the emissions during electron beam operations. This noise is referred to as Band-

limited ELF Hiss (BLI[). It was first described by Gurnett and Burns [1968] and was later studied

by Muzzio [197I]. BLH is thought to originate just inside the plasmapause in the equatorial region.

Frequencies below the crossover frequency are reflected ,as the wave propagates to low altitudes.

The BLtI is observed to disappear at equatorial latitudes with higher frequencies dropping off at

higher 1.xtitudes _ a result of propagation effects.

The two-ion cut-off provides a sensitive measurement of the ratio of densities of the ion species.

The ratio of ion densities can be calculated by setting 1 - _ w_i/(w 2 - _iwwci) = 0 where wpi, wci,

and e; are the plasma frequency, the cyclotron frequency and the sign of the charge for plasma

species i (which are e-, O +, and H+). If the cut-off frequency is taken to be 550 tIz the density of

hydrogen and oxygen ions is calculated to be NH+ = 10% N_- and No+ = 90% Ne-. However, if we
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calculatethe densityusinga cut-offfrequencyof600 Hz, N_+ "-2% Are-.This issimply indicative

ofthesensirivedependence oftheequationson NH+. CalculationsusingtheInternationalReference

Ionosphere(IRI)model [Bilit.:a,1986]forthe conditionsduringthe DC fluxtube connectiongive

NH+ - I%N_- and No+ --99% Ne-. We conclude then that H + existsin quantitieslessthan

10% of the electrondensityin the vicinityof the Orbiter.The presenceof hr+ isresponsiblefor

the low frequencycut-offin the ELF band. The H + concentrationisnot largeenough for itto

have significantimpact on theindexofrefractionsurfacesat VLF frequencies.At 500 Hz a two-ion

calculationof the index of refractionat wave normal anglesof 30° with Ar_+ - 10% Ar_-is36%

differentthan forthe calculationusingonly O + and e-. At I kHz the differencehas dropped to

7% and at 5 kHz itis0.7%.

Narrowband emissions

Pulsedelectronbeams injectedintospace plasmas produce narrowband radiationin additionto

broadband emissions.Ithas been shown by GR that the narrowband emissionssharesome of the

featureswiththe broadband emissions.For example, the ratioofthe amplitude ofthe fundamental

frequency(1.22kHz) to theamplitudeofbroadband emissionsat frequenciesnear the fundamental

(1.7-1.3kHz) isroughlyindependentofwhere the wave fieldsare measured. Narrowband emissions

are alsopresentat harmonics of the pulsingfrequency.The amplitudes of the fundamental and

itsharmonics are dependent on the resonance condition,the wave mode, the duty cycleof the

modulated beam, and propagationpropertiesof the waves. A theory of narrowband, near-field

radiationfrom pulsedelectronbeams was developed by Harker and Banks [1987/. (This paper

willbe referredto as 'HB'.)Itcontainsexpressionsforthe electricfieldamplitudes produced by

squarewave modulated electronbeams with arbitraryenergies,currents,and pitchanglesmeasured

at any distance larger than one gyro-radius from the beam. These expressions can be applied to

experimental conditions by using the parameters which are appropriate for the conditions at the

time of the experiment. Neubert and Harker [1988] have extended this theory to predict the

narrowband magnetic field amplitudes. Because the theory treats only coherent emissions, no

broadband wave amplitudes are predicted.

The exact results for the amplitude of narrowband radiation from a pulsed electron beam are

complicated but we can summarize some of the general features. Since the theory treats the

near-field wave amplitudes we are justified in applying it to our observations. The mathematical

treatment assumes a perfectly coherent infinitely long, thin beam. A value of the parallel index

of refraction is found from the resonance conditions s = 0, 1,-1. The electric field amplitudes are

related to the electron beam current _lensity through a radiation condition which can be expressed

in frequency-wave number space as a filnction of k±, the perpendicular wave number. A contour

integration over k± selects the self consistent wave normal angles and the fields are transformed back

into time-distance space. Results are presented for both (complex) values of k± (labeled roots 1,

and 2 in liB) for each of the three resonance conditions. The three components of the electric field
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can then be read offthe figuresof HB or the expressionfor the electricfieldcomponents can be

evaluatednumericallyfora varietyofexperimentalconditions.

For the conditionsfo the DC fluxtube connection,log(f/fee)_ -3 forthe fundamental fre-

quency, .f- 1.22 kHz. From Table i of HB, we findthat only the s = 0, root 2 predictions

have realsolutionsforthisfrequency.The fieldsfor8 = ±I and for 8 --0, root 1 are evanescent

fields.This reflectsthe factthatthe 8 - ±i resonanceconditionscannot be satisfiedfora 1 keV

beam at frequenciesbelow the lowerhybridfrequencyand the factthata resonancecone does not

e._istforthose frequencies.Measurable near-fieldwaves are stillpredictedto existhowever. For

the s - ±i resonances,the root i solutionsbecome highlyoscillatoryfunctionsof frequency for

frequenciesbelow 30 kHz and no exact predictionscan be made. Waves in thesemodes must be

treatedusinghot plasma theory.However, the wave amplitudescan be estimatedby extrapolation

and the s - +1, rooti solutionscouldhave amplitudesgreaterthan I V/re. Although itispossible

that the observed narrowband beam emissionsare due to 8 --4-Iresonancebut are observed with

amplitudes wellbelow those predictedby theory,we willsee below that much betteragreement

between measurement and theoryisfound forthe 8 "-0,or Cherenkov, mode.

The totalelectricfieldstrengthpredictedby HB forthe 8 - 0,1,-1; root 2 and the s - 0,

root I solutionsare presentedinfigure10 fora perpendiculardistanceof50 m from the beam. The

observed wave fieldsmeasured at 35 m and 90 m from the beam areplottedwith dottedlines.The

predictedamplitude of thesefourwave modes and the measured amplitude forthe fundamental

are plottedas a functionof distancefrom the conjunctionfieldlineinfigure11. These two figures

allow comparison of the variationwith frequencyand the variationwith perpendiculardistance

forpredictionsand measurements forthe differentwave modes. Root 1 representsresonancecone

propagationand solutionsareimaginarybelow thelowerhybridresonanceand realabove it.Root 2

has realsolutionsthroughout the frequencyrange ofinterestand describeswaves which liein the

centralhump of the index of refractionsurface.The 8 - ±I, root 2 solutionsare found to have

amplitudes wellbelow observed values.

Figures10 and 11 and figures10 and 13 of GR show thatreasonableagreement between obser-

vationsand the predictionsofHB arefound forthes - 0,root2 solutions.For thosesolutions,HB

predictelectricand magnetic fieldamplitudeswhich aregreater,but lessthan 30 timesgreater,than

the measured fieldamplitudesat alldist,_ncesand forallharmonics.The generalfeaturesobserved

in the measured data are reproduced in the calculations.The electricfieldamplitudesrange from

i0-6 to I0-4 V/m and the magnetic fieldamplitudesrange from 10-4 to 2 x 10-3 nT. For both

the electricand the magnetic antennas,the amplitudeofthe narrowband harmonics decreaseswith

increasingdistancefrom the conjunctionfieldlineand, atalldistances,theamplitude decreasesfor

increasingharmonic numbers. The factthattheratioofbroadband tonarrowband amplitudesstays

fairlyconstant with distanceto the conjunctionfieldline/GR/appears to be consistentwith the

conclusionthat both broadband and narrowband emissionsare generatedthrough the Cherenkov
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resonance with wave normal angles less than the resonance cone angle(s = 0, 8 < 6re,).

The difference in measured and predicted amplitudes could be accounted for by a reduction in

coherent beam current from the nominal 100 mA level. This reduction could occur through such

mechanisms as scattering or diffusion of beam electrons or the production of a virtual cathode as

suggested by numerical simulations done by Winglee and Pritchett [1987, and 1988]. It may also

simply be a result of the fact that measurements were made with single axis antennas and therefore

measurements of the full field amplitudes could not be made.

The results of HB are used here with the following caveat. It has been determined that the

contour integration over k± in HB contains branch cuts in addition to simple poles. HB evaluates

only the contributions to the integral from the simple poles, which correspond to surface waves,

and therefore the solution is incomplete. In addition to the field components calculated, there

will be field contributions due to terms which arise from the inclusion of these branch cuts which

correspond to ray propagation. Those contributions can be evaluated and will be presented in

an upcoming paper. It has been determined that the contributions from the branch cuts will be

most significant at large distances from the beam but the effect at smaller distances has not been

determined. In this paper we conclude only that the theory of HB, as it stands, provides the best

agreement with experimental observations for the s = 0, root 2 mode which describes Cherenkov

resonance with wave normal angles less than the resonance cone angle.

The ratio of the electric and magnetic field amplitudes

In considering the amplitude of radiation from electron beams in space, we implicitly assume

that the waves are electromagnetic. For a 1 kHz wave with nil = 16 and B0 = .40 G, ne =

l0 s cm -3, tnl = n = 316. From the calibrated amplitude of field components one can calculate the

ratio c(BI/(E ) where (B / and (E) are the time averaged amplitudes of the magnetic and electric

fields. For broadband emissions measured during the Prox Ops and the DC and Pulsed flux tube

connection sequences, c(B)/(E) was of order 1. Narrowband emissions during the Pulsed flux tube

connection sequence were determined to have a ratio c{BI/(E ) of order 10 [GR]. Since n × E = cB,

there is an apparent discrepancy between the measured and the predicted values of n. We now

consider the possible causes of this discrepancy.

Knowing the wave normal angle of radiation at a particular frequency, one can use Maxwell's

equations to solve for the vector components of the electric and magnetic wave fields. Choosing a

coordinate system in which the geomagnetic ficld defines the z-axis and k lies in the x-z-plane, and

using conditions for the DC flux tube connection sequence and frequencies near 1.22 kHz we find

that the wave normal angle is nearly 90 °. The wave electric field has its largest component along

the x-axis and virtually no component along the magnetic field. The wave magnetic field has its

largest component along the direction of the geomagnetic field but also has a component along the

y-axis. Since the PDP rotates with its antennas ia a plane containing the geomagnetic field, it is
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appropriateto considerthe time averageover allthreecomponents of the wave fields.Doing this

we findthatthe averagereducesthe ratioc(B)/(F,)by a factorof ,,,10...

We would then expect ratiosof c(B)/(E) of order 10 forthe coherentemissionsobserved•Al-

though simultaneouselectricand magnetic fieldmeasurements could not be made with the broad-

band wave receiver,comparison of the average magnetic and electricfieldamplitudes of natural

whistlersobservedduringambient conditionsalsogivesvaluesofc(B)/(E) which are oforder 10. It

isnot understood why the broadband emissionsobservedduringthe PDP free-flightor broadband

and narrowband emissionsobservedinthe payloadbay have a ratioc(B)/(E) oforderi. One would

expect n x E = cB to be _atisfiedunder allconditions•Although itispossiblethatthe detailsof

the measurements or analysisof the fieldamplitudesisresponsibleforthe apparent reduction,it

isnot possibleto resolvethe issuegiven the limitsof the observations.

We have consideredthe possiblecontributionto the observed electricfieldfrom ion-acoustic

waves.In orderthatsuch waves be observed at distancesofseveralhundred meters from the con-

junction field line they must be propagating at oblique angles to the geomagnetic field. Such waves

can exist in a warm plasma and have been observed in the laboratory to be produced by drifting

electrons in a magnetoplasma [Gekelman and Stenzel, 1978/. Ion-acoustic waves produced by drift-

ing return current electrons during electron beam injection from spacecraft have been predicted by

Okuda and Ashour-Abdalla [1988/using a one dimensional numerical simulation• Although such

waves may be present we have been unable to determine their contribution, if any, to the observed

wave fields. We also note that purely ion-acoustic contributions do not account for the enhancement

of the wave magnetic field above ambient levels or the propagation chaxacteristics observed in the

IMP/HELIOS data.

We find then that the measured values of c(BI/(E ) for coherent, narrowband emissions observed

during the free-flight of the PDP are not inconsistent with the assumption that the electron beam

generated waves which are electromagnetic. More accurate verification of this assumption could be

accomplished by simultaneous three-axis measurements of the wave field. The wideband receiver

measurements from Spacelab-2 were neither simultaneous nor three-axis. The IMP/HELIOS in-

strument provided periods of simultaneous electric and magnetic field measurements but without

detailed knowledge of the orientation of the receivers at a particular time, the electromagnetic

character of the observed radiation can not be investigated more rigorously than has been done

here.

The lack of simultaneous three-axis field measurements also complicates rigorous determination

of the Poynting flux, S = -LE x B. However, B has its maximum along the magnetic field line
• _t 0

(Bo) and E has its maximum components perpendicular to Bo. Thus if E,,,az and B,_: are the

maximum amplitudes me_ured during the spin period of the PDP, then &E Bmaz gives an
_'0 wlt,'_ _ "

estimate of IS[. For the coherent emissions at the 1.22 kHz fundamental frequency during two

antenna periods from the Pulsed flux tube connection, t7_E,,,_. B_= is of order 10 -12 W/m2-Hz
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fora 12 Hz wide amplitude component. Ema= ismeasured at 04:11:48and Bins= ismeasured at

04:12:36.At thosetimes the PDP was 22 m and 61 m from the conjunctionfieldlinerespectivel'.

E,_a="B,_= isa veryrough estimateof [SIbut itiscomparable with the predictionsof Bell

who predictedpowers up to 10-I° W/m2-Hz forcoherentemissionswith a coherencelengthof 10 m

and i0-Is W/m2-Hz forincoherentemissions.

4. CONCLUSIONS

During both DC and Pulsedelectronbeam operationson Spacelab-2,broadband electromagnetic

radiationisproduced throughout the 0-30 kHz range of the wideband receiver.The observations

ofwave amplitudesfrom thewideband receiverand the IMP/HELIOS filterbank indicatethatthis

isradiationproduced by the s = 0, or Cherenkov, resonance. During the fluxtube connections

itispossibleto observethe wave fieldsat variouslocationswith respectto the conjunctionfield

line.Three zones of wave activitywere identified.Zone I occurs closestto the conjunctionfield

line.Itisdominated by waves with wave normal angleson the resonancecone (0 _ 0tea).These

waves saturatethe wideband VLF wave receiverand areresponsibleforthe funnelshaped emissions

identifiedby Gurnett et al.//986/.Broadband VLF emissionsin the range 100 < )"< 30,000 Hz

are identifiedas waves with wave normal anglesin the centralhump of the index of refraction

surface(0 < 0r.). Zone 2 containspropagatingradiationand isdefinedby the ray angle of the

waves.The ray angle,and hence the regionofpropagation,isa functionoffrequency.In general,

lower frequency(]"< I kHz) waves propagateat largeranglesto the magnetic fieldthan hi

frequency(I < / < 30 kHz) waves. The cut-offnear 30 kHz appears to be due to the inabilityt

satisfythe s - 0 resonancefor0 < 8_, fora I keV beam at frequencieshigherthan this.

A simple single-ion,cold plasma, far-fieldradiationtheory isnot sufficientto explain allthe

featuresobserved inthedata. The waves inzone 3 have loweramplitudesthan the waves inzones i

or 2 but may stillappear with amplitudesabove ambient levels.These emissionsare most likely

evanescentwaves which are observed withhla few perpendicularwavelengthsof the conjunction

fieldline.The cut-offobservedinthe broadband ELF wave data at frequenciesbetween 550-600 Hz

requiresconsiderationof a second ion species,H +, in additionto 0 + and e-. The frequency of

thiscut-offallowsa calculationof the densityof hydrogen ionswhich indicatesthat the densityis

lessthan 10% of the electrondensitynear the Orbiter,the remainder being predominantly oxygen

ions.

The ratioof c(B)/(E) isusefulforcheckingthe electromagneticnature of electronbeam gen-

eratedwaves but was found to be limitedby the effectsof the spin of the PDP and the lackof

simultaneouselectricand magneticfieldobservations.The ratioc(B)/IE )was found to be oforder

i0 forthe narrowband radiationobserved during the Pulsed fluxtube connection.This ratiois

in rough agreement with the predictedrabiesof the time averaged ratioof electricand magnetic

fieldamplitudesforcoherentemissions.The ratioofc(B)/IE ) forbroadband emissionsduring the
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free-flight and for broadband and narrowband emissions when the PDP is in the payload bay is of

order 1.

Although the propagation characteristics of broadband and narrowb&nd radiation from pulsed

and DC electron beams observed on Spacelab-2 have some features which can be understood in

terms of cold plasma far-field radiation theory, there are features and effects which require more

detailed investigation. Among them are: (1) the question of the effects of thruster operation on the

wave environment around the Orbiter, (2) the propagation characteristics of the beam electrons

themselves, (3) the return current inter_ction and the generation of ion-acoustic waves by return

currents, (4) the question of vehicle charging and beam escape and the effects of those on the

generation of VLF radiation by the beam, (5) the power levels carried away from the electron

beam by propagating radiation, and (6) the question of the ratio of the electric and magnetic field

amplitudes for broadband and narrowband emissions. Although we may begin to address some of

these questions using the results of observations from electron beam experiments which have been

completed, some cannot be addressed given the limitations of those experiments and must await

future research.



18

REFERENCES

Al'pert.Ya.L.,Tile Near Earth and InterplanetaryPlasma, Cambridge UniversityPress,NY, 1983.

Akai, K., Electron beam-plasma interactionexperiment in space,ISAS Res. Note 285, Inst.of Space and

Astronaut. Sci.,Tokyo, 1984.

Banks, P.M., W.J. Raitt,A.B. White, R.I. Bush, and P.R. Williamson, Resultsfrom the VehicleCharging

and Potentialexperiment on STS 3,J.Spacecr. Rockets ,24, 1987.

Banks, P.M. and W.J. Raitt,Observationsof electronbeam structurein space experiments,J. Geophys.

Res.,submitted 1988.

Banks, P.M., W.J. Raitt,P.R. Williamson,T. Neubert, R.I.Bush, J.G. Hawkins, G.R.Reeves, and B. White,

Resultsof vehiclecharging,plasma density,and wave generationexperimentson Spacelab-2.,3.Spacecr.

Rockets, to be submitted, 1988.

Bell,T.F.,Artificialproduction ofVLF hiss.,J. Geophys. Res.,73, 13,1968.

Blitza,D., Internationalreferenceionosphere:recentdevelopments.,Radio Science,21, 1986.

Bush, R.I.,G.D. Reeves,P.M. Banks, T. Neubert, P.R. WiUiamson, W.J. Raitt,and D.A. Gurnett, Electro-

magnetic fieldsfrom pulsedelectronbeam experiments inspace:Spacelab-2results.,Geophys. Res. Left.,

14, I0, 1015. 1987.

Farr_II,W.M., D.A. Gurnctt, PNI. Banks, R.I. Bush, and W.J. Raitt,An analysisof the whistler-mode

radiationfrom tileSpacelab-2 electronbeam., J. Geophys. Res.,93, 153,1988.

Gekelman, W., and R.L. Stenze[,Ion sound turbulenceina magnetoplasma., Phys. Fluids,21, 1978.

Gurnnett, D.A. and T.B. Burns, The low frequencycut-offofELF emissions.,J.Geophys. Res.,73, 1968.

Gurnett, D.A.,W.S. Kurth, 3.T. Steinberg,P.M. Banks, R.I.Bush, and W.J. Raitt,Whistler-mode radiation

from tileSpacelal)-2electronbeam, Geophys. Res. Left.,13,225, 1986.

Harker, K.3.,and P.M. Banks, Near fieldsin the vicinityof pulsed electronbeams inspace,Planet. Space

Sci.,35, i,1987.

Hawkins, J.G.,Vehiclechargingand returncurrentmeasurements duringelectronbeam emissionexperiments

from the ShuttleOrbiter.,PhD dissertation,Stanford University,1988.

Muzzio, .I.L.R.,ELF Propagation in the plasma sphere based on satelliteobservationsof discreteand con-

tinuousforms.,Stanford ElectronicsLab.,Tech. Rept. # 3439-2,1971.

Myers, N.B., W.J. Raitt,A.B. White, P.R. WiIIiamson,P.M. Banks, R.I. Bush, S.Sasaki,K-I. Oyama, N.

Kawshima, CHARGE-2: A sounding rocketpayload to investigatevehiclechargingeffectsdue to electron

beam emissions.,J.Spacecr. Rockets.,submitted 1988.

Neubert, T. and K.J. Harker, Magnetic fieldsin the vicinityof pulsed electronbeams in space.,Planet.

Space Sci.,in press,1988.

Neubert, T., J.G. Hawkins, G.D. Reeves,P.M. Banks, R.I.Bush, P.R. Williamson,D.A. Gurnett, and W..J.

Raitt,Pulsed electronbeam emissionsinspace,J. Geomag. Geoe[.,inpress,1988.

Okuda, If.,and M. Ashour-Abdalla, Ion-acousticinstabilitiesexcitedI)yinjectionof an electronbeam in

space.,J.Geophys. Res.,93, 1988.

Reeves,G.D., P.M. Banks, A.C. Fraser-Smith,T. Nenbert, R.I.Bush, D.A. Gurnett ,and W.J. Raitt,VLF

Wave stimulationby pulsed electronbeams injectedfrom the space shuttle.,J. Geophys, Res.,93, 162,



17

1988.

Reeves. G.D., Very low frequency radio waves produced by electron beam injection in space plasmas., PhD

dissertation in preparation, Stanford University, 1988.

Reeves. G. D., P.._l. Banks. T. Neubert, R.I. Bush, P.R. Williamson, A.C. Fraser-Smith, D. A. Gurnett, and

W. J. Raitt, VLF Wave emissions by pulsed and DC electron beams in space 1:Spacelab-2 observations.,

J. Geophys. Res., this issue.

Shawhan, S.D., G.B Murphy, and J.S. Picket, Plasma Diagnostics Package initial assessment of the STS 3

orbiter plasma environment., J. Spacecr. Rockets, 21. 387, 1984a.

Shawhan, S.D., G.B..Xlurphy, P.M. Banks, P.R. WUliamson, and W.J. Raitt, Wave emissions from DC and

modulated electron beams on STS-3., Radio Sci., 19, 2, 471, 1984b.

Stix, T.H., The Theory of Plasma Waves, McGraw-Hill Book Co. Inc., SF, 1962.

Tribble, A.C., N. D'Angeio. G.B. Murphy, J.S. Pickett, and J.T. Steinberg, Exposed high-voltage source

effect on the potential of an ionospheric satellite., J. Spacecr. Rockets, submitted, 1988.

Winckler, J.R.. The application of artificial electron beams to magnetospheric research, Rev. Geophys., 19,

3, 659, 1980.

Winglee, R.M. and P.L. Pritchett, Space-charge effects during the injection of dense electron beams into

space plasmas., J. Geophys. Res., 92, 6114, 1987.

Winglee, R.M. a,ld W.L. Pritchett, Comparative study of cross-field and field- aligned electron beams in

active experiments.. J. Geophys. Res., submitted 1988.



18

5. FIGURE CAPTIONS

FigureI.The spectralintensityofwaves observed duringthe DC fluxtube connectionsequence

plottedas a functionoffrequencyand time.The data was obtained usingthe IMP/HELIOS filter

bank which had four 10% band-width filtersper.frequencydecade. Among the featuresobserved

are the funnelshaped emissionsdue to resonancecone propagation,tilecut-offof VLF emissions

above 30 kHz, and the dependence on frequencyof VLF emissionsobserved at variouslocations

with respectto the conjunctionfieldline.Lower frequency (.f< i kHz) waves are observed at

greater distances from the conjunction field line and therefore appear at earlier and later times

than higher frequency (1 < ]" < 30 kHz) waves. See figure 7 for the location of the PDP for various

times.

Figure 2. The spectral intensity of waved observed during the Pulsed flux tube connection

sequence. The format is the same as for figure 1.

Figure3. A schematicdiagram ofthe squareofthe index ofrefractionas a functionoffrequency

with the variouswave branches labeled.

Figure4. A representationof the effectsof differentpropagationangleson the waves observed

at the locationof the PDP during the fluxtube connection sequences. The angle between the

conjunctionfieldlineand a lineconnectingthe Orbiterand the PDP islabeled8. Frequenciesfor

which waves have a ray angle a = _ originateat the beam source. Frequenciesfor which c_:>

originateat pointsalong the beam. Frequenciesforwhich a </3 willnot be observed at the PDP

exceptas evanescentwaves.

Figure5. A schematicofthe indexofrefractionsurfacesforvariousfrequenciesshowing the wave

normal and ray anglespickedout by the Cherenkov resonancecondition.(a) For low frequencies

n(0) isa closedsurfaceand fornll= 16, 0 _.90°, c__ 90°.(b) For frequenciesj¢>_.t'LHa,n(0) iS

an open surface.For 0 < 0_es,nl]= 16 picksout wave normais in the centralhump. For .f_ .fz.Ha

0 is largeand c__ 0°. (c) As f increases,0 decreases,and c_increasesup to a ma._rnum of

,,_20°. (d) For f -- 30 kHz, 9 -- 0°, and c_-- 0°. (e)Above a criticalfrequency the resonance

condition,nl[= 16 can no longerbe satisficdforwave normal angles0 < 0,esand only resonance

cone propagationispossible

Figure6. A schematicrepresentationof the propagationeffectswhich determine the threezones

of wave amplitude. Zone 1 is identified _ being associated a region of the plasma which is highly

disturbed by the injection of the electron beam. The limits of zone 2 which contains propagating

waves with wave normal angles less than the resonance cone angle is indicated with a bold line

and is labeled 'VLF Propagation Region'. A cut-off is observed near the hydrogen ion-cyclotron

frequency. The limits of the zone 1 and 2 propagation regions are indicated by plotting the sine of

the ray angle times 200 m. The dotted line indicates the limits of zone 3 represented by a distance

equal to one perpendicular wavelength from the conjunction field line. Although this figure implies
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distinctborders,observationsshow that the transitionsfrom one zone to another are smooth.

Figure7 can be used to compare thisfigurewith figures1 and 2.

Figure 7. The perpendiculardistancefrom the conjunctionfieldlineas a functionof time for

(a)the DC fluxtube connectionsequence and (b) the Pulsed fluxtube connectionsequence.This

figurecan be used to compare the propagationregionpredictedby coldplasma theory (figure6 -

distal_cescale)to thatobserved inthe IMP/HELIOS data (figuresI and 2 -time scales).

Figure8. A spectrogramfrom the ELF band ofthe broadband wave receivershowing the two-ion

cut-offbetween 500-600 Hz. This cut-offwas determined to be a resultofthe presenceofhydrogen

ionswith a densityoflessthan 10% of the ambient electrondensity.

Figure9.The time-averagedamplitude as a functionoffrequencyforthe antenna periodshown

in figure8. The change in amplitude at the two-ioncut-offfrequency can be observed and the

frequencyof the cut-offidentified.

Figure10. The amplitude ofnarrowband harmonics of the 1.22kHz pulsingfrequency.The log

ofthe electricfieldwave amplitude isplottedvs.harmonic number forthe predictionsusing the

theoryofHB forthe s = 0,roots 1 and 2;forthe s = 4-i,root2 solutions.Predictedamplitudes

were calculatedfor a perpendiculardistanceof 50 m from the conjunctionfieldline. Measured

amplitudes(dottedlines)are plottedvs. harmonic number for the observationsat perpendicular

distancesof 35 and 90 m.

Figure 11.The variationof amplitude with perpendiculaxdistanceto the conjunctionfieldline

for the 1.22kHz fundamental frequency.The log of the electricfieldwave amplitude isplotted

vs.harmonic number forthe predictionsusing the theory of HB forthe s = 0, roots 1 and 2; for

the s = q-l,root 2 solutions.Tile s = 0, root 1 and the 8 = 4-1,root 2 solutionsrepresent

evanescentwaves and the amplitude drops offvery rapidlywith perpendiculardistance. The

measured amplitude nf tile1.22 kHz signalisalsoplottedvs. distance(dottedline)and shows

betteragreement with the s = 0,root2 solutions.
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Abstract

Large intensities of hot positive ions are observed at distances

of several hundred meters from the Orbiter with a plasma analyzer on board

a small free-flying satellite, the Plasma Diagnostics Package. This ion

plasma is inferred to be generated by the charge exchange of ionospheric 0+

ions with the water molecules in a large cloud of gases from the Orbiter.

The hot ion plasma forms an ion trail in the Orbiter's wake. A model for

the water vapor cloud provides the basis for density estimates as high as

109 H20 molecules cm -3 at a distance of 50 m from the Orbiter. Thus the

Orbiter possesses a substantial co-orbiting atmosphere.



I. Introduction

We report on a series of measurements of hot ion plasmas in the vicin-

ity of the space shuttle Challenger on August I, 1985. These observations

are made with a plasma instrument capable of determining the energy spectra

of electrons and positive ions, separately and simultaneously, in the

energy range-per-unit charge extending from 2 V to 36 kV. This plasma

analyzer is included with other fields and plasma instrumentation in the

free-flying, recoverable small satellite PDP, i.e., the Plasma Diagnostic

Package.

The PDP spacecraft was one of the components of the Spacelab-2 mission

flown on the space shuttle Challenger. Spacelab 2 was carried into orbit

on July 29, 1985 and was landed on August 6, 1985. The orbital altitude

and inclination were ~ 320 km and 49.5 °. Instrumentation for the PDP in-

cludes the plasma analyzer, a Langmuir probe, an ion mass spectrometer, a

retarding potential analyzer, a differential ion flux probe, a plasma wave

receiver and electric field detector, an electrometer, a neutral pressure

gauge, and radio receivers. The plasma analyzer is also known in the lit-

erature as a Lepedea (Low Energy Proton and Electron Differential Energy

Analyzer) [Frank et al., 1978]. The diameter (without booms) and height

of the PDP are I.i and 1.3 m respectively and the total mass is 285 kg.

Prior to Spacelab 2 the PDP was flown as part of the OSS-I payload

aboard the space shuttle Columbia [Shawhan et al., 1984]. During that

flight the PDP was operated while berthed in the payload bay and in the

immediate vicinity of the shuttle by means of the Remote Manipulator System



(RMS). During the Spacelab-2 mission the PDPalso mademeasurementsfrom

within the bay and while attached to the RMS. In addition, the PDPwas

released from the Orbiter and flown as an independent satellite. Release

of the PDPoccurred at 0010 UTon August 1 and retrieval was successfully

accomplished at 0620 UT on the sameday. Our present interest lies in the

plasma observations during free flight of the PDPat distances ranging to

~ 400 m from the space shuttle Challenger, henceforth referred to as the

Orbiter. Remarkably intense, hot ion plasmas are found in the vicinity

of the Orbiter. Weinterpret these plasmas in terms of a dense cloud of

neutral gasses from and co-orbiting with the Orbiter.

2. Observations

The electrostatic analyzers are constructed of concentric, spherical-

segment plates across which a known, variable potential is supplied in or-

der to separate ions and electrons according to their energy-per-unit

charge. Because it is necessary to measure the charged particle intensi-

ties with respect to both the directions of the local magnetic field _ and

of the instantaneous orbital velocity _ of the Orbiter and PDP, and because

these directions vary as the spacecraft orbit Earth, the electrostatic ana-

lyzer is configured to utilize the rotation of the PDP spacecraft so as to

measure the particle intensities from almost all directions. One analyzer

each for positive ions and electrons employs seven detectors and one en-

trance aperture for measurements in seven directions in a wide, fan-shaped

field-of-view. The plane of this field-of-view is aligned parallel to the

spin axis of the PDP such that, with the spin motion of this satellite,
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most of the 4_-sr solid angle for particle velocity vectors is observed

with the plasma analyzer. Such surveys of the entire angular distributions

of hot electron and ion plasmas are acquired once each spin period of the

PDP spacecraft, 13.1 seconds.

After the release of the PDP from the RMS the Orbiter's primary and

vernier thrusters were fired to increase the distance between the two

spacecraft to 90 m. This separation was maintained until 0120 UT. At that

time the crew began maneuvering the Orbiter around the PDP. The Orbiter

was flown around the PDP twice with each circuit taking place during one

90-minute orbit of Earth. The trajectory of the Orbiter relative to the

PDP between 0130 and 0430 UT is depicted in Figure i. This motion is

shown projected into the orbital plane. The relative out-of-plane

separation during this time was as large as 350 m while the total distance

between the spacecraft ranged from I00 m to 420 m. Following these orbits

the Orbiter was flown several times across the path of the PDP so that the

PDP passed directly through the Orbiter's wake. At 0527 UT spin-down of

the PDP was begun and the PDP was subsequently picked up with the RMS.

An example of the hot ion spectra observed in the vicinity of the

Orbiter is shown in Figure 2. The position of the free-flying PDP is at a

distance of 280 meters from the Orbiter. The differential, directional

intensities of positive ions as a function of energy-per-unit charge are

shown in Figure 2. These measurements are taken in the direction parallel

to the velocity vector of the spacecraft, i.e., as seen looking into the

ram direction due to the spacecraft orbital motion. At these altitudes of



~ 300 kmabove Earth's surface, the primary ionospheric ion is 0+ [Banks

and Kockarts, 1973]. Because the orbital velocity of the spacecraft is

7.8 km s-l, the ram energy-per-unit charge of the ambient 0+ ions is

about 5 V. The large intensities of these 0+ ions can be seen in Figure 2.

The characteristic thermal energies of the ambient ionospheric 0+ ions are

~ 0.i eV, an energy below that of the energy resolution of the hot plasma

analyzer that is designed for measurementsof plasmas with energies greater

than several electron volts-per-unit charge. Thus the presence of the

ambient 0+ ions in the ionosphere is detected, but their temperatures and

densities are not determined.

Large intensities of positive ions are detected at energies signifi-

cantly greater than those expected for ambient ions. These hot ions are

seen at energies-per-unit charge _ i0 V in Figure 2. Of particular inter-

est is the maximumof intensities at ~ 18 V and the significant intensities

of hot ion plasmas extending to ~ 60 V. Weinterpret these ions in terms

of ion production by charge exchange in a large cloud of neutral gases that

are outflowing from and co-orbiting with the Orbiter.

Consider the neutral gas cloud of the Orbiter. There are a variety of

sources of neutral gases from the Orbiter, including waste water, water as

a by-product of power generation by fuel cells, combustion from the Orbiter

thrusters for attitude control, and He from the cooling of the infrared

telescope. The thrusters utilize the reaction between monomethylhydrazine

and N204, and several of the combustion products are H20, N2, CO2 and CO

[Pickett et al., 1985].



Outgassing of volatiles, in particular H20, is expected from the

surfaces of the Orbiter. These neutral gases should radially outflow from

the Orbiter at thermal speeds, ~ hundreds of meters per second. This cloud

of neutral gases is moving with a bulk velocity of 7.8 km s-l, i.e., the

Orbiter orbital velocity, through the plasmas of Earth's ionosphere. The

densities of the ambient ionospheric ions are ~ 104 to 106 cm-3 at these

altitudes and sufficiently large to ionize a measurable fraction of the

neutral molecules in the cloud by charge exchange, i.e., 0+ + H20 ÷ 0 +

H2O+. Momentumtransfer is negligible. These positive ions produced by

charge exchange are observed with our plasma instrument. After charge

exchange the H2O+ ions do not co-orbit with the Orbiter gas cloud but are

trapped in the terrestrial magnetic field by the Lorentz force, i.e., these

ions form an ion trail in the wake of the Orbiter. The motion of these

so-called 'pickup' ions in the reference frame of the Orbiter and PDPare

of interest for our observations. In this reference frame, these ions

appear to be executing cycloidal motion with an average drift speed due to

an electric field _ - -_ x _. In other words, if the Orbiter velocity

is directed perpendicular to the local magnetic field B, then the

apparent motion of the pickup ions is such that during one period of

÷

circular motion of the ion in the plane perpendicular to B, the ion speed

increases to a maximum of twice V and then decreases to values nearly zero.

÷

The average drift velocity of the ion with respect to the Orbiter is -V in

+ ÷

the direction of the wake. As the angle _ between V and B decreases or in-

creases from 90 ° the maximum ion energy decreases in proportion to sin2_.

At angles near 0 ° and 180 °, the energy spectra of the pickup ions become



similar to that for the ionospheric ions and the two ion populations can be

difficult to separate with the plasma analyzer. The phenomenon of pickup

ions in plasmas moving with respect to neutral gases is of general interest

to space plasma physics, e.g., the production of He + in the solar wind by

infalling interstellar gas [Mobius et al., 1985], the formation of a plasma

torus from volcanic gases of the Jovian satellite, Io [Goertz, 1980] , and

the interaction of cometary coma with the solar wind [Ip and Axford, 1986;

Ipavich et al., 1986; Mukai et al., 1986].

Two features of the distributions of pickup ions are noted here in the

case of the Orbiter in motion nearly perpendicular to the magnetic field.

Because the maximum ion speed is twice the Orbiter and PDP orbital speeds,

the maximum energy of the ion is equal to four times that of an ambient

ionospheric ion of the same mass as seen at the PDP. Secondly, in a coor-

dinate system referenced to the velocity components of the observed ions in

the rest frame of the Orbiter, the distributions are pancake-shaped in a

plane perpendicular to B and are offset from the origin by the spacecraft

velocity vector. For example, these ion velocity distributions are shown

in Figure 3 as taken at 0208 UT on August i, 1985. The distribution func-

tion for ion densities, i.e., ions per unit volume AxAyAz, and per unit

volume of velocity space AVxAVyAVz, is given for a plane perpendicular to

the local magnetic field. The direction of the Orbiter motion is approxi-

mately +V x. Thus the ambient ionospheric plasma is in bulk motion with re-

spect to the Orbiter and is expected to appear as a compact series of cir-

cles at V x = -0.8 × 106 cm s-I. Evidence for this ambient ion plasma can



be seen in Figure 2, although as mentioned earlier this plasma is too cool

to fully resolve with the instrument. The pancake distribution of pickup

ions with higher energies is the dominant feature to be seen in Figure 3.

For this figure and the following Figure 4, the ion mass-per-unit charge is

assumedto be 16 a.m.u. (0+). The results are changed little for masses

nearly equal to this value, e.g., H20+, but must be recomputed if the ion

is CO+ or C02+. In order to demonstrate that the ion velocity distribution

is pancake in shape, i.e., that the motions of the ions are mainly directed
+

perpendicular to the magnetic field B, it is necessary to exhibit these ion

distribution functions in a plane parallel to _. These ion distributions
÷

are shown in Figure 4 with the V z axis taken parallel to B, and V x is per-

pendicular to B and almost along the direction of the Orbiter orbital mo-

÷

tion. It is seen that the component of ion motion, Vz, along B is smaller

relative to that perpendicular to _, V x. Thus the observed ions are found

to be in motion primarily in a direction perpendicular to the magnetic

field (the pancake distribution) with an offset from the coordinate origin

(the average drift speed of the ions with respect to the Orbiter and PDP).

These are the expected signatures of pickup ions from the interaction of

the ionosphere with the neutral gas cloud of the Orbiter.

The species of the pickup ions are not directly determined with the

plasma instrumentation, but may be inferred from energy spectra such as

that shown in Figure 2. The energy-per-unit charge for the secondary peak

is ~ 18 V. The most likely ion with this energy at twice the Orbiter speed

is H2 O+. At higher energies, _ 20 V, the ions are heavier, CO + , C02 +, and

others from the thrusters. The identification of H2 O+ as the dominant



pickup ion in the lower mass range is in agreement with independent ion

mass analyses at lower energies [Grebowsky et al., 1987]. This identifica-

tion is also consistent with observations of neutral water [Carignan and

Miller, 1983; Narcisi et al., 1983; Wulf and Yon Zahn, 1986] and water ions

[Grebowsky et al., 1983; Narcisi et al., 1983; Hunton and Calo, 19851 in

the near vicinity of the Orbiter during other Shuttle flights.

3. Model of the Water Cloud

We can use the observations of the densities of pickup H20+ ions to

develop a model of the water vapor cloud that co-orbits with the Orbiter.

We assume that the radial velocity of the water molecules from the Orbiter

is similar to that for thermal velocities corresponding to a temperature

~ 300 K, or Vt = 5 × 104 cm s-I. This velocity is much less than the

spacecraft orbital velocity of V = 8 x 105 cm s-I. The water vapor expands

radially outwards from the Orbiter until the molecules collide with those

of the ambient neutral atmosphere, primarily atomic oxygen 01. The

densities of O1, [O1], are in the range of ~ 1 x 108 co 3 x 108 cm -3. The

MSIS-83 model [Hedin, 1983] for the neutral ambient atmosphere is used for

our calculations. To estimate the cross section for collisions of H20 with

Ol we assume hard-sphere collisions and typical diameters of 4.6 × 10-8 cm

for H20 and 2.6 x 10-8 cm for Ol [McDaniel, 1964], where the diameter for

Ne is used for O1. The cross section estimated in this way is ~ 4 × 10-15

cm 2, and the mean free paths A are about I0 km. Thus, relative to the

Orbiter, a water molecule moves an average distance d = (Vt/V) A, or

~ 700 m before its first collision with an atmospheric oxygen atom. The



number density of water molecules, [H20], is assumedto vary with radial

distance R from the Orbiter as

i0

[H20] _ C (Ro/R)2 exp (-(R-Ro)/d), (1)

where Ro is taken as I0 meters, or the approximate linear dimension of the

Orbiter.

The relationship between the densities of pickup H2 O+ ions and of the

neutral water molecules must be found in order to determine the constant C

in equation (I). The primary source of the H2O+ ions is charge exchange of

H20 with the ambient ionospheric 0+. Photoionization by solar ultraviolet

radiation and impact ionization by atmospheric photoelectrons proceed at

much slower rates. Because 0+ is the dominant ionospheric ion at the Or-

biter altitudes, the 0+ densities, [0+], are taken to be equal to the elec-

tron densities that are simultaneously measured by the Langmuir probe on

the PDP spacecraft (data from courtesy of N. D'Angelo). The cross section

for the charge exchange H20 + 0+ ÷ H2 O+ + 0 appears uncertain. For the

5 eV energy of 0+ relative to the water cloud values of 2.6 × 10-15 cm 2

[Turner and Rutherford, 1968] and 0.6 x 10-15 cm 2 [Murad and Lai, 1986]

have been reported. We adopt the cross section reported by Turner and

Rutherford [1968], 2.6 x 10-15 cm 2. The relationship between the water

molecule densities, [H20], and the ion densities, [H2 O+] and [H30+], is

given by the following equations:

D
[H20+] = Yl [H20] [0+] - Y2 [H20+] [H20] - =I [H20+] [e-]

_t
(2)



[H30+] = Y2 [H20+] [H20] - _2 [H30+] [e-]
_t

Ii

(3)

where the rate coefficients are given in Table i. To calculate the rate

coefficent YI for charge exchange between H20 and 0+ we multiply the cross

section for this reaction with the relative speed of the reactants, 7.8 ×

105 cm s-I. The rate constant Y2 is for the reaction H2 O+ + H20 ÷ H3 O+ +

OH. The kinetic energy of the H20+ ions relative to the water cloud ranges

from approximately 0 eV to 23 eV due to the gyratory motion of the H20+

ions. For Y2 we have used the rate at 300 K [Albritton, 1978]. The

coefficients =I and _2 for the dissociative recombination of H20 + and H30 +

with electrons are estimates by Sjolander and Szuszczewicz [1979].

Equations (2) and (3) are expected to be applicable for ions and neutral

atoms within distances up to ~ I0 km from the Orbiter. Also the densities

of ionospheric O+ ions are found to be sufficiently unperturbed that they

may be taken as a constant as the water cloud moves through the ionosphere

for distances > 20 m from the Orbiter. Equation (I) for the radial

dependence of water molecule densities and equations (2) and (3) for the

relationship of the neutral water molecule and water ion densities are

solved numerically with a fifth-order Runge-Kutta algorithm in a reference

frame at rest with respect to the instantaneous position of the center of

curvature for pickup ion motion, i.e., the guiding center. The constant C

in equation (I) is then found by determining the H20+ density, [H20+], by

numerical integration of ion velocity distributions such as that shown in

Figures 3 and 4. The specific time for determination of [H20+], and then

C, is 0350 UT on August I. If [H20 ] is in units of molecules cm -3, then
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C = 4 x 1010. For our following discussion we assumethat the water

release rate from the Orbiter is constant. No major waste water releases

occur during the PDPfree-flight.

In Figure 5 is given an example of the results from the model calcula-

tions for the water vapor cloud surrounding the Orbiter and for the ion

densities in its wake. The abscissa is taken parallel to the Orbiter mo-

tion but offset such that this coordinate axis lies at a distance of 50 m

from the Orbiter at closest approach (at 0 kmon abscissa scale). For this

example, the Orbiter velocity _ is perpendicular to the geomagnetic field
+

B. The water vapor densities at 50 m from the Orbiter are large, ~ 6 x 109

H20 molecules cm-3, and greater than that of the ambient atmosphere. These

densities decrease to ~ i cm-3 at a distance of 8 km from the Orbiter.

The column density as seen from the Orbiter is also large, ~ 4 x 1013 H20

molecules cm-2. This column density exceeds that corresponding to the

threshold of the infrared telescope in the bay of the Orbiter by about an

order of magnitude [Fazio, 1982]. The rate of water release from the

Orbiter that is necessary to sustain the water cloud is - 2.5 x 1022 mole-

cules s-I. This rate implies a total water loss from the Orbiter, ex-

cluding direct losses from water dumps and thruster firings, of ~ 500 kg

during the eight-day mission. Although there are inaccuracies inherent in

our simple model, such as due to atmospheric ram effects in the immediate

vicinity of the Orbiter, the above assessment of the properties of the

neutral water cloud is probably accurate to within factors of 3.



13

4. The Water Ion Trail

The computed water ion densities in the wake of the Orbiter are also

shown in Figure 5. These H20+ densities are in the range of 5% of the

ionospheric 0+ densities. This ion trail is long, > I0 km, and is expected

to be dissipated primarily by recombination with electrons and the impact

of the hot water ions with the ambient oxygen atoms. This latter loss term

is not included in equation (2) that is used for the water ion and molecule

densities at closer distances to the Orbiter. The pickup ion velocity

distributions are in substantial nonequilibrium with that of the

ionospheric ions, a situation likely to drive plasma instabilities

responsible for the generation of the observed broadband electrostatic

noise in the wake [Gurnett et al., 1986; Scarf et al., 1986]. In order to

obtain measurements of the unperturbed ionospheric plasmas it is evident •

I
from Figure 4 that these observations must be made at distances beyond 1 to

2 km upstream from the Orbiter.

In the rest frame of the ionosphere the pickup ions move along the

magnetic field with a component of velocity equal to V • B/B. The results

of calculations with B and V at an angle of 60 ° are shown in Figures 6

and 7. Figure 6 is similar to Figure 5 in that the abscissa is parallel to

the direction of motion of the spacecraft and passes within 50 m of the

center of the water cloud. Ahead of the Orbiter the ion densities are

nearly equal co the densities calculated for B and V at an angle of 90 °

(Figure 5). Behind the Orbiter, however, the ion densities decrease along

this axis due to the ion motion along the magnetic field. Figure 6
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displays contours of constant [H20+] in the coordinate plane parallel to

B and V. It is clear from this figure that the trail of ions behind the

÷

Orbiter does not extend directly opposite V, but points in a direction that

is perpendicular to B. The ion trail extends directly behind the Orbiter

only when B and V are at an angle of 90 °.

|

5. Observed Water lon Densities

Observations of the densities of pickup H2 O+ ions during approximately

two Earth orbits of the PDP while this spacecraft is in free-flight are

shown in Figure 8. Also shown in this figure are the calculated pickup ion

densities as expected from the model of the water vapor cloud that sur-

rounds the Orbiter, as presented in our previous discussion. The water va-

por cloud is assumed to be time-independent for this period. The position

÷

angle _ is the angle between the velocity vector V of the spacecraft or-

bital motion and the direction from the Orbiter to the PDP. The distance

between the PDP and the Orbiter is given as R in Figure 8. In order to

compute the pickup ion densities from the model of the water vapor cloud,

the ambient O+ density is assumed to be equal to the ionospheric electron

densities as measured with the Langmuir probe on the PDP. Reliable mea-

surements of these electron densities are not available during the two

periods of ~ 0230 to 0250 UT and ~ 0405 to 0420 UT. The densities

are assumed to be 104 cm -3 for these two periods. Inspection of Figure 7

shows that there is general qualitative agreement between the observed and

computed H2 O+ densities and, for a substantial fraction of this series of

observations, quantitative agreement as well. However, for certain time
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periods, e.g., 0310 - 0330 UT and 0445 - 0500 UT, discrepancies between

observed and computeddensities are evident. Such disparity may arise from

a temporal fluctuation of the water vapor cloud of the Orbiter or from our

inability to accurately separate the pickup ion densities from those of the

ambient ionosphere. The diurnal variations of pickup ion densities as seen

in Figure 8 are primarily due to a similar variation of the ionospheric O+

densities that charge exchange with the neutral water molecules along the

path of the Orbiter. No hot ion densities that greatly exceed those due to

charge exchange are found with our observations. The somewhat higher den-

sities relative to those from the model during the period 0230 to 0250 UT

do not exceed the observational uncertainties.

6. Discussion

The velocity distributions of hot, positive ions observed during the

PDP free flight are characteristic of ions picked up from a cloud of gases

co-orbltlng with the Orbiter. Because the cloud has a speed V through the

ionospehre the ions form flat velocity distributions in the plane

perpendicular to Earth's magnetic field. Distributions of this type were

observed throughout the free flight with densities ranging from a few tens

per cubic centimeter to nearly 104 cm -3. In the reference frame of the

spacecraft these ions are expected to have a maximum energy four times

greater than the energy of ionospheric ions of similar mass. The observed

energy spectra indicate that the dominant ion species is most likely H20+

although more massive species appear to be present as well. This

identification is consistent with measurements from the lon Mass

Spectrometer also on board the PDP [Grebowsky et al., 1987]. From these

I
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observations we conclude that the Orbiter is surrounded by a substantial

cloud of gases and that neutral water is a major constituent of this cloud.

We infer that the observed ions are produced primarily by reactions of

gases within the cloud with ambient ionospheric ions, the dominant reaction

being charge exchange between H20+ and 01.

In contrast to the shell-like velocity distributions of pick-up ions

observed at comet Halley [Mukai et al., 1986] and in the solar wind

[Mobius, et al., 1985], the pick-up ions observed during the PDP free

flight are seen to have retained their initial pancake distributions.

These ions are swept from the cloud by the terrestrial magnetic field.

Since the time constant for recombination of H2 O+ with electrons is

approximately I0 s, an ion tail with a length > I0 km is expected to extend

behind the Orbiter. The Lorentz force on the ions acts transverse to the

direction of the magnetic field, and the ion motion along the field is

unaffected. In this way the ion tail can be driven either downwards into

the atmosphere or upwards away from the atmosphere depending on the

relative orientation of B and V.

Our simple model of the water cloud and the ion chemistry within that

cloud accounts for much of the variation seen in the time-history of

observed pick-up densities. We find that our asumption of radial flow at a

constant rate is adequate in providing qualitative agreement between

measured and calculated H2 O+ densities. In particular, no increase in flow

seems to occur at sunrise when Orbiter surfaces are suddenly exposed to

sunlight. Instead, the observed increase in H2 O+ density at sunrise

appears to be due to the coincident increase in the density of ionospheric

_k
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0+. Higher ion densities could also be the signature of another heating

mechanism for ions in the water cloud of the Orbiter. Enhanced ionization

in the neutral water vapor cloud is not expected from the critical

ionization velocity effect proposed by Alfven [1954] for gases in bulk

motion with respect to a plasma and with bulk speeds exceeding that

corresponding to the ionization potential of the neutral molecules. The

ionization potential for H2O+ is 12.6 eV, and the kinetic energy of the H20

molecules with respect to the ionospheric plasmas is only 5.7 eV.
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Figure i.

Figure Captions

Orbiter trajectory during the free flight. The Orbiter motion

relative to the PDPis shownprojected into the Orbital Plane.

The out-of-plane separation ranged from 0 m to 340 m. Maximum

out-of-plane excursions occurred near 0215 and 0350 UT.

Figure 2.

Figure 3.

Energy spectrum of positive ions as observed in the orbital ram

direction with an electrostatic analyzer on the free-flying

spacecraft PDP.

The velocity distribution for hot ions in the vicinity of the

Orbiter. The velocity vector for the Orbiter orbital motion is

approximately along the +Vx axis. The geomagnetic field vector

is directed perpendicular to the plane of the figure. The

density value for the outer contour is shown. Each successive

inner contour corresponds to a factor of I0 increase in

densities.

Figure 4.

Figure 5.

Continuation of Figure 3, but for a plane rotated by 90° to

include the direction of the geomagnetic field vector (+Vz).

Densities of H20 , H20+, and H3O+ as computed from a model based

upon observations of pickup ion densities. The abscissa is

taken along a line parallel to the velocity vector of the

Orbiter, but displaced by 50 m, i.e., 0 km corresponds to a
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Figure 6.

Figure 7.

Figure 8.

distance of 50 m from the Orbiter. The ambient densities of Ol

and O+ are 2.3 × 108 cm-3 and 4 × 105 cm -3, respectively. For

this calculation the direction of orbital motion and the

magnetic field are taken to be at an angle of 90 °•

Densities of H20 , H20+, and H3 O+ computed from the model.

The ambient densities of Ol and O+ are the same as for Figure 5.

The direction of orbital motion and the magnetic field for this

case are at an angle of 60 °•

Contours of constant [H2O+] calculated from the model for the

case where _ and _ are at an angle of 60 °• The coordinate

origin is at the center of the water cloud (the Orbiter).

Comparison of the observed densities of pickup water ions with

computed values from the model of the water vapor cloud that

co-orbits with the Orbiter. Observations are shown for most of

the free-flight period of the PDP. Orbiter thruster firings do

not occur during the periods selected for determing the water

ion densities.
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Table 1. Reactions and Reaction Rates
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Reaction Rate, cm 3 s-I

H20 + O+ ÷ H2 O+ + 0

H2 O+ + H20 ÷ H3O+ + OH

H20+ + e- + OH + H

H30+ + e- + products

Y1 = 2 x 10-9

Y2 = 1.7 x 10-9

=i _ 1.7 x 10-7

=2 = 1.9 x 10-7
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ABSTRACT

The Plasma Diagnostics Package is a small deployable satellite

designed to study the interaction of the shuttle with the ionospheric

environment as well as to be used in joint experiments with the Plasma

Depletion investigation and the Vehicle Charging and Potential

investigation during the Spacelab 2 mission. This paper provides a

brief description of the package, its instrumentation, its operation,

and the scientific objectives of the investigation. A brief summary

of the scientific results obtained thus far will also be presented. _'



i. INTRODUCTION

The University of Iowa's Plasma Diagnostics Package (PDP) was one

of thirteen investigations which flew as part of the Spacelab 2

mission between July 29 and August 6, 1985. As its name implies the

PDP is a coordinated set of sensors and instruments designed to

measure a wide range of parameters characterizing the ionospheric

environment surrounding the space shuttle in its orbit. The

objectives of the investigation are to study the interaction of the

shuttle with the ionosphere, the interaction of an electron beam wi_

the ionospheric plasma, and various naturally occurring ionospheric

phenomena.

During the Spacelab 2 mission, the PDP was operated in its launch

configuration in the payload bay, at various vantage points around the

shuttle while being maneuvered by the Remote Manipulator System (_MS_

and at distances of up to about 400 m from the shuttle while operattnB

as a free-flying subsatellite of the shuttle. In each of these

operational configurations the PDP obtained measurements supporting

the various scientific objectives. During much of the mission the PDP

was operated jointly with the Plasma Depletion and Vehicle Charging

and Potential experiments for correlative studies.

The Plasma Diagnostic Package flew previously on STS-3 as part o_

the first Office of Space Science payload (OSS-I) in March 1982. I T_ic_

instrument complement was similar to the Spacelab 2 PDP, although nor



identical and observations were obtained only from the payload bay and

the RMS. There was no provision for the PDPto operate as a free-

flyer on STS-3. The primary objectives for the PDPon STS-3 were to

characterize the environment of the shuttle in terms of the plasma

parameters and electromagnetic contamination and to study the

interaction of an electron beam with the plasma.

In this paper we outline the general scientific objectives of the

Plasma Diagnostic Package for the Spacelab 2 mission, describe the PDP

and its complement of instruments, provide an overview of the

operations of the PDP during the mission, and summarize the results

gained to date from the PDP.
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2. SCIENTIFICOBJECTIVES

One of the major scientific objectives of the Plasma Diagnostics

Package investigation on Spacelab 2 was to characterize and understand

the interaction of the shuttle with the ionospheric environment

through which it flies. The shuttle is a large object; in fact, it i_

large with respect to virtually all the important plasma scale lengths

at its approximately 325 km altitude orbit, including the thermal ion

gyroradius. Further, the shuttle moves with great velocity through

the ionospheric plasma, typically about 8 km/s. This provides the •

opportunity to study the formation of wakes and turbulence by a large

body moving through the plasma. Previous satellite measurements were

all of bodies that were much smaller, and often in plasma regimes

where the scale sizes were much larger. _'3 On Spacelab 2 the PDP

carried out a coordinated set of wake observations at distances

ranging from very close, i.e., a few meters, to nearly 400 m. In

addition, the shuttle provides its own set of active experiment

opportunities in the form of chemical contamination experiments. The

most obvious examples of these are the joint experiments with the

Spacelab 2 Plasma Depletion experiment for which the PDP provides

supporting, in situ data for the ground-based observation of the

effects of firing the Orbital Maneuvering System (OMS) engines in the

plasma. 4's The shuttle, however, is almost continuously depositing

large quantities of contaminants into the ionosphere through



outgassing, leaks from pressurized vessels, the operation of the

Reaction Control System (RCS) jets required to set and maintain

various attitudes, and the deliberate discharging of both liquid and

gaseous water as normal maintenance operations, e'7

Another primary objective of the PDP on Spacelab 2 was to work

jointly with the Fast Pulse Electron Generator (FPEG) portion of the

Vehicle Charging and Potential (VCAP) experiment provided by Stanford

University and Utah State University a to investigate the

interaction of an energetic (i keV) beam of electrons with the

ionospheric environment. This experiment has importance to the stud>"

of naturally occurring auroral phenomena observed elsewhere in the

ionosphere but takes advantage of the active control of the electron

beam to isolate various aspects of the beam-plasma interaction. The

electron beam studies were also undertaken during STS-3, but Spacelab

2 offered experiments benefiting from the RMS STS-3 experience and the

important opportunity to back off to distances a factor of i0 or more

larger in the free-flight configuration.

Finally, it was planned to observe naturally occurring

ionospheric phenomena with the PDP while in free-flight, but one of

the most important discoveries of the Spacelab 2 PDP is that one must

move much further away from the shuttle than the 400-m distances

achieved during Spacelab 2 to fully escape the influence of the

shuttle, s'T'9 Hence, the ambient ionospheric studies have been

overshadowed by the more active shuttle and electron beam interaction

studies. It should be noted that some natural phenomena were

observed, such as VLF whistlers, so some such studies may still be

possible.



3. INSTRUMENTATION

A. Spacecraft Description

The Plasma Diagnostics Package was designed and fabricated by the

University of Iowa and is a unique Spacelab experiment in that it is

designed to make observations while attached to the Spacelab pallet in

the payload bay, while being maneuvered about the shuttle by the _MS,

and also while operating as an independent satellite in orbit nearby

the shuttle. To accomplish the latter, the PDP had to be designed

primarily as a free-flying satellite, but with provisions to be

carried aloft within the payload bay and be grappled and articulated

by the RMS. Modifications late in the development of the PDP further

allowed its recapture, preserving the possibility of re-using all or

part of the spacecraft in future programs.

The PDP, shown in free-flight during the Spacelab 2 mission in

Fig. I and in schematic form in Fig. 2, is cylindrically shaped

with a diameter of about 42 inches and a weight of about 625 ibs.

Various sensors are mounted on the four deployable booms and numerous

instruments have view ports through the spacecraft skin situated

around the circumference of the cylinder. The appendage at the top of

the spacecraft is an electrical grapple fixture which allows the PDP

to be grappled by the RMS as well as controlled electrically through

cables in the RMS connected to a special switch panel on the aft

flight deck of the shuttle.



The small cylinder just below the grapple fixture contains a

momentumwheel loaned by the Smithsonian Institution from the ATS-G

satellite. The wheel is used to store angular momentumin the PDP

prior to release for free flight. The stored angular momentumwas

subsequently used to spin the PDPup to about 4.4 rpm during the free-

flight phase by allowing the momentumwheel to spin downwith respect

to the PDPstructure. Prior to recovery, the wheel was spun up again

to transfer the angular momentumback out of the structure, thereby

despinning the spacecraft to allow recapture by the RMS.

B. Instrument Summary

The Plasma Diagnostics Package contains an integrated set of

instruments to provide a broad range of measurements of plasmas, DC _

and oscillatory electric and magnetic fields, and neutral pressure.

Because of funding limitations, many of the scientific instruments are

flight spare units from such projects as IMP, Helios, and ISEE. Table

I provides an overview of the various scientific instruments flown on

the Spacelab 2 Plasma Diagnostics Package, the investigators providinB

the instrumentation, and a brief summary of the measured parameters.

The sensor locations are shown in Fig. 2.



4. PDPOPERATIONS

The PDP operations performed during the Spacelab 2 mission can

best be organized by separating them into operations performed while

on the Spacelab pallet, while being manipulated by the RMS, and while

functioning as a free-flying satellite in orbit with the shuttle. In

the subsections below we will briefly describe the operations in each

of these phases.

A. Pallet Operations

The PDP was carried into orbit while latched onto the Spacelab

pallet and was returned to Earth in the same configuration. The

initial activation and check-out was performed just a few hours after

launch, as soon as the payload bay doors were opened and the Spacelal)

support systems were activated. During the on-pallet operations earl

in the mission the PDP was able to monitor the activation of other

instruments from an electromagnetic interference point of view as well

as observe the initial outgassing of the shuttle and its payload. I°

All PDP instruments were activated soon after the PDP was powered up

with the exception of the Lepedea that utilizes a high-voltage power

supply and is subject to coronal discharge prior to complete

outgassing.

The PDP also spent the final four days of the mission positioned

on the pallet while intensive solar and dark sky observations were

being performed bv other Spacelab investigations. During this time



the PDPpassively monitored the payload bay environment and supported

the VCAP electron beam experiments. The solar observations required a

bay-toward-sun attitude for many orbits in succession which led to

overheating of a few of the PDP subsystems. In response to the

overheating, the PDP was occasionally deactivated to allow

temperatures to return to acceptable values. No thermal damage was

experienced despite the elevated temperatures.

B. RMS Operations

The PDP was grappled by the RMS at I day, 2 hours, and 26 minutes

into the mission (or mission elapsed time MET), corresponding to 2326

GMT on July 30, 1985. During the next 3 days the PDP was actively

manipulated by the RMS in studies of the shuttle-ionosphere

interaction and electron beam interactions for a total of about Ii

hours. During the remaining portion of those 3 days, the PDP was

either stowed in a non-interfering position over the port wing at a

park point (Fig. 3d) or was in free flight.

During the active portion of the RMS operations, the PDP was

moved about the orbiter in a number of pre-programmed maneuvers in

support of the various scientific objectives. Several of these

maneuvers are depicted in Figs. 3a-c. The primary maneuvers moved

the PDP longitudinally parallel to the roll axis of the shuttle (X-

scans), or parallel to the pitch axis of the orbiter (Y-scans), or

vertically up and down over a fixed location in the bay (Z-scans).

The maximum extension of the RMS is about 15 m. However, the PDP was

never more than about 13 m from the orbiter while attached to the _5

At various times during the scans the PDP could be rotated about its
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spin axis by the wrist actuator of the RMSso that instruments with

directed fields of view could be swept through different look angles

or pointed in various special directions such as the velocity vector

of the shuttle.

The RMSprograms were specialized to the PDPscientific

objectives. For example, the X- and Y-scans were used to execute beam

searches, that is, to move the PDPthrough the electron beam in order

to sample the region of direct beamplasma interaction as well as the

surrounding environment. Oneparticularly useful maneuvercoupled the

rotation of the PDPabout the RMSwrist axis in one direction with the

roll of the shuttle in the opposite direction at identical rates such

that the PDPwas swept alternately through ram and wake orientation_

while holding a specific instrument's look direction parallel to the

velocity vector of the shuttle. This particular maneuverwas designed

to allow detailed studies of the near-wake of the shuttle.

C. Free Flight

The free-flight portion of the PDP operations was the most

innovative part of the Spacelab 2 PDP investigation. Not only was

this activity not undertaken during the previous STS-3 mission, but we

believe the PDP free-flight experiments were the first of their kind

in space plasma physics. Several rocket experiments have included

detached payloads for the diagnosis of beam interactions, but none

have included all the active control of relative position and attitud_ _

for the purposes of studying vehicle-plasma interactions as well as

the beam-plasma interactions, especially in conjunction with a large

body such as the shuttle.
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The constraints on the free-flight activities were severe,

especially from the point of view of time allotted against the

requirements of other Spacelab 2 investigations and Reaction Control

Systempropellant usage. The latter constraint was muchmore severe

than planned due to the loss of about 4500 Ibs of Orbital Maneuvering

System (OMS)propellant during the abort-to-orbit procedure executed

as a result of the premature shut-down of the center main engine on

ascent.

The free-flight phase of the mission can be broken down into

deployment and back-away, fly-around 'ellipses', wake transits, and

approach and recovery. The total time for the free-flight was 6

hours. Fig. 4 shows the relative trajectory of the orbiter with _

respect to the PDP. The first panel shows the back-away and first

fly-around ellipse. The second panel shows the the second fly-around

ellipse, wake transits, and approach. Three hours were utilized

during the two orbits of fly-arounds depicted in Fig. 4. During the

fly-around 'ellipses' the shuttle was flown out of the orbit plane a_d

to positions along the magnetic field line threading the PDP in order

to look for Alfven waves generated by the shuttle and to do electron

beam experiments. During the portion of the orbit when the shuttle

preceded the PDP in orbit, the shuttle was brought back into the PDP

orbit plane in order to study the shuttle's wake at distances betwee[_

50 and 250 m.

The back-away and approach maneuvers were completed with the

shuttle upstream from the PDP, that is, with the PDP in or near the

wake of the shuttle This configuration allowed additional
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observations to be made of the shuttle's wake at distances

intermediate to those achieved while on the RMS or in the free-flight

fly-around maneuvers. It was anticipated that the intervals in time

when the PDP preceded the shuttle in orbit at distances of over 300 m

that the PDP might be able to sample the unperturbed ionospheric

medium. As it turned out, the PDP was never far enough upstream to

avoid the neutral gas cloud and its associated effects so that a truly

ambient ionospheric observation could be made.
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5. SUMMARY OF RESULTS

A. Studies of the Shuttle Env%ronment

Perhaps the most profound discovery of the PDP flight aboard

Spacelab 2 is that the shuttle is accompanied in orbit by an extensi'.ye

gas cloud of contaminants, consisting primarily of water, s'T'1°'ll

This conclusion is consistent with observations made by the ion mass

spectrometer, _,I_ pressure gauge, I° retarding potential analyzer, and

Lepedea 7 on the PDP. The shuttle releases contaminants through the

operation of the RCS thrusters, normal operation of the orbiter fuel

cells and cooling systems, leakage from pressurized vessels, and

outgassing. The neutral water is subject to ionization by a number of

processes in low earth orbit with charge exchange with the ambient 0 +

ions being the primary reaction. As ions are created, they are

immediately 'picked-up' by the magnetic field sweeping through the

cloud at the orbital velocity of the shuttle, about 8 km/s and, hence

form a highly anisotropic distribution of ions known as a ring

distribution. The Lepedea has measured these ring distributions from

free-flight vantage points at several locations around the orbiter 7

The measurements indicate a neutral water production rate of about

2.5 × i0 == s "I from the shuttle. The pick-up generally occurs within

a sphere of about i00 m radius, but with the primary pick-up occurrir_

in the region downstream from the shuttle. The contaminant water io_

can actually be the dominant species in the region within a few meter_

of the shuttle. 6 _._odels of the cloud suggest that it extends for a
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few km in all directions with an extended tail in the downstream

direction.

Since ring distributions are typically unstable to plasma waves,

it is possible that these distributions are responsible for the

generation of broadband electrostatic waves observed in the vicinity

of the shuttle by the plasma wave receiver. 9'12 This noise typically

extends with a relatively flat spectrum from a few Hz to 20 or 30 kHz

The broadband electric field strength of the turbulence is about i0

mV/m. The waves are generally most intense in the region downstream

of the shuttle, although high intensities are also observed near

magnetic conjunctions. The wave intensity is correlated with RCS

thruster activity, although some noise is still present when no

thrusters are being fired.

The S- and Ku-band receivers assessed the electric fields

associated with the operation of the orbiter communication links at

various locations around the payload bay. 13 For those systems which

avoid the main beam of the radar, the maximum field strength is less

than 2 V/m. For those payload elements which are subjected to the

main beam, a design guideline of 300 V/m provides an adequate safety

margin at Ku-band. The S-band fields measured were several dB below

the worst-case predictions. S-band fields within the payload bay

envelope should be < 2 V/m.

B. Wake Studies

The motion of the shuttle through the ionosphere leads to the

formation of a well-developed wake in the downstream region. 14 The

PDP had operations bo_h on the RMS and in free-flight specifically
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designed to provide information on the characteristics of the wake

both in the near vicinity of the shuttle (within a body radius of the

obstacle) and in the distant wake, out to about 250 m. From RMS

observations the density in the deep wake can be two or more orders of

magnitude less than the ambient density while the electron temperature

on the boundary of the wake region can be observed to increase by more

than a factor of two. At larger distances, the magnitude of the

density depletion is less, sometimes only about 10%. One striking

result, however, is that even at distances of 250 m, the wake is still

well defined and of simple structure. There is no evidence of large

scale turbulence in the distant wake. It should be mentioned,

however, that small-scale wave-like turbulence often characterizes _ne

boundary of the wake region; it is possible this turbulence is

similar in character to the broadband electrostatic noise discussed

above.

Some work on comparisons of the Spacelab 2 PDP wake observations

with wake models has been completed. Is The model used in these

comparisons is the Polar code 16 which neglects the magnetic field a:z.t

uses a self-similar solution to the expansion of a plasma into a

vacuum as its foundation. The observed electron and ion densities

measured by the PDF during passages through the shuttle's wake at

distances out to a few hundred meters are compared with predictions o_

the model. In the distance range less than 30 m, the model

underestimates the density by as much as an order of magnitude and zh_

conclusion is that outgassing from the shuttle can be a substantial

contributor to the wake density within a few body scale sizes. Bevot_.!
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30 m, the agreement is very good (within about 10%)between the model

and observations, provided one allows for variations in the ambient

density with orbit position as predicted by the International

Reference Ionosphere model. The observations showa lack of fine

structure in the density of the wake and are, therefore, consistent

with the behavior of wake in regimes where Te = Ti. Further, some

minor inconsistencies in the depth of the wake as a function of

distance from the shuttle observed by the PDPsuggest that magnetic

field geometry is a second order albeit important effect.

C. Beam-Plasma Interactions

The PDP and VCAP jointly designed numerous experiments for the

Spacelab 2 mission for the purpose of understanding various aspects%Dr

the interaction of an energetic (I keV) electron beam with the

ionospheric plasma. One of the primary characteristics of the

interaction is the generation of waves. Early studies have

concentrated on whistler mode waves called VLF hiss I? which are thou_h_

to be generated via a coherent Cerenkov process associated with

bunching of electrons in the continuously firing beam. 18'19 The VLF

hiss was easily detected because of a funnel-shaped frequency-time

signature observed in the plasma wave data set. The funnel-shaped

spectrum is a result of well-understood propagation characteristics of

the whistler mode waves and leads to an understanding of the

emissivity of the beam as a function of distance along the beam.

Further studies 8'2°'21 involve the study of the generation of waves

by a pulsed beam where the pulsing frequency of the beam is in the VhF
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frequency range. The resultant waves are found at harmonics of the

pulsing frequency.

Other studies concerning the interaction of the electron beam

with the ionosphere includes the DC electric fields set up in the

vicinity of the beam in response to the current systems driven by the

beam. 22 A study using the PDP Lepedea measurements of the actual

plasma distribution functions associated with the beam plasma

interaction shows a sheet of energetic electrons on field lines

downstream of the active field line. 23 These energetic electrons make

up a net current returning the current carried by the beam.

Simulations of the energetic electrons show the generation of low

frequency, broadband electrostatic waves similar to those observed b%y_

the plasma wave receiver.
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6. CONCLUSIONS

The PDP investigation on the Spacelab 2 mission was extremely

successful. Virtually 959 of the objectives of the investigation

were achieved and the results referred to in the previous section

attest to the scope of the science results that were obtained during

the flight. Those 5_ of the objectives which were not met owing to

the shortage of RCS propellant were primarily experiments that

involved the firing of RCS thrusters in a predetermined way in order

to measure their effects and those experiments that were to have been

performed during a planned, third orbit of fly-around. The thruster-

associated objectives were partially achieved via coincidental firings

of RCS thrusters during the execution of various maneuvers. The loss

of the third orbit of fly-arounds resulted primarily in the loss of

repetitions of experiments achieved during the first two orbits.
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Instrument

Ion Mass

Spectrometer (IMS)

Retarding Potential
Analyzer (RPA)

Differential Ion

Flux Probe (DIFP)

Lepedea

Langmuir Probe

Neutral Pressure

Gauge

Triaxial Fluxgate

Magnetometer

DC Electric Fields

Plasma Waves

S- and Ku-Band

Monitor

TABLE 1

Spacelab 2

Plassa Diagnostlcs Package
Scientific Instruments

Provider

J. M. Grebowsky
GSFC

D. L. Reasoner

MSFC

N. N. Stone

MSFC

L. A. Frank

U. of Iowa

N. D' Angelo
U. of Iowa

J. S. Pickett

U. of Iowa

S. D. Shawhan

NASA Headquarters

D. A. Gurnett

U. of Iowa

D. A. Gurnett

U. of Iowa

G. B. Murphy

U. of Iowa

Measurement

Ther--1 Ions

1-64 AMU; 20 - 2 x 106 cm -3

Ions; 0-15 eV; 20 - 107 cm -3

Ions; 0-15 eV; 6 x I0-2 -

3 x I0S cm-3; 3° angular

resolution in range of

± 45 ° from PDP equator

Ions and electrons; three-

dimensional velocity

distributions; 2 eV-36 keV;

plus electrometer wlth_range
109 - 10 I_ electrons cm -2 s -I

Thermal electrons;

103-107 cm-3;

500 ° K < Te < 4000 ° K;

AN/N spectrum

10-7 < P < 10-3 Torr

± 1.5 gauss with 0.012 gauss

resolution; 3 axes; 10-Hz

sample rate each axis

± 4.8 V/m single axis; 4mV/m
resolution

Plasma potential ± 8 V; 20mV

resolution; 20-Hz sample rate

Electric: 30 Rz - 17.8 HBz in

24 channels

Magnetic: 35 Rz - ~ 10 kHz in
ii channels

Wideband analog 5 Hz - 30 kHz

S-band; 1.4 - 3.0 GHz

Ku-band; 13.5 - 14.5 GHz
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FIGURE CAPTIONS

Fig. i A photograph of the PDP deployed in its free-flight

configuration during the Spacelab 2 mission.

Fig. 2 The top panel shows the locations of the various instrument

viewports and sensors (see Table I) in a schematic of the

PDP shown with the sidewall of the spacecraft 'unrolled'.

The bottom panel is a view of the PDP from the top showing

the locations of the booms and boom-mounted sensors in the

fully extended configuration.

Fig. 3 Most of the RMS manipulations of the PDP during Spacelab %2

were composed of the combinations of the motions parallel _o

the principal axes of the orbiter shown above. A few other

special sequences were also utilized that are not shown

here.

Fig. 4 The trajectory of the orbiter with respect to the PDP duri_l_

the free-flight portion of the Spacelab 2 mission. The

upper panel summarizes the release of the PDP through the

completion of the first fly-around 'ellipse'. The lower

panel shows the second 'ellipse', final wake transits, and

the approach for recovery. When the orbiter was in the'cona

on the left side of the panels, it was in the plane of orbi_

of the PDP so that the orbiter's wake would pass over the

PDP at varying distances. In the remainder of the

'ellipses' the orbiter was flown out of the PDP's orbit
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plan in order to intercept the magnetic field line threading

the PDP.
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Laboratory Experiments: Implications of Large Body/Plasma

Interactions for Future Space Technology
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1.0 Introduction

The purpose of this report is to review the discoveries and experiments

of the Plasma Diagnostic Package (PDP) on the OSS I and Spacelab 2 missions,

to compare these results with those of other space and laboratory experiments,

and to discuss the implications for the understanding of large body

interactions in a LEO plasma environment. The paper is logically divided into
three sections. First a brief review of the PDP investigation, its

instrumentation and experiments is presented. Next a summary of PDP results

along with a comparison of those results with similar space or laboratory

experiments is given. Last of all the implications of these results in terms

of understanding fundamental physical processes that take place with large
bodies in LEO is discussed and experiments to deal with these vital questions

are suggested.

2.0 PDP instrumentation and experiments

The PDP is a small cylindrical satellite with a complement of instruments

designed to measure plasma density and temperature, give ion composition,

temperature and flow direction, provide complete electron and ion distribution

functions, and measure electron flux from electron beams. In addition to

these comprehensive particle measurements the PDP contains instrumentation to

provide a complete set of single axis wave and fleld measurements. Waves

(both electric and magnetic) are measured from approximately I01 to 105 hz and

electric fields are measured both at DC and from I01 to 107 hz. A complete

description of the PDP instrumentation is available in Shawhan 1984c.

The PDP was designed not only as a satellite, but because it was to be

flown and deployed from the Orbiter; it was also capable of measuring the

plasma environment in and around the orbiter bay by being maneuvered through

various positions on the Shuttle Remote Manipulator System (RMS) arm. The

initial experiments and measurements made by the PDP on the OSS-I (STS-3)

Mission were all made either in the payload bay on a pallet or within

approximately I0 meters of the bay on the RMS. As will be seen in the next

section these early shuttle experiments helped provide insight into the

shuttle orbiter environment, conducted the first orblter-based active plasma

experiments, and provided some of the first insights in large body

interactions at LEO. In addition, the OSS-I experiments provided the baseline

from which many of the future detailed interaction issues could be addressed.

Spacelab 2, which repeated (with some modifications) some of the OSS, I

experiments and extended the range of interaction studies to nearly a

kilometer from the orbiter, benefited greatly from the earlier OSS-I

experience. The PDP investigation was initiated by Prof. Stanley D. Shawhan

(who is now at NASA Headquarters) and is currently under the leadership of

Prof. Louis A. Frank at the University of Iowa. Other members of the PDP team
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include Donald A. Gurnett and Nicola D'Angelo (Uo of Iowa), Nobie H. Stone,

David L. Reasoner (NASA/MSFC) and Joseph M. Grebowsky (NASA/GSFC). Numerous

other scientists and engineers both at the U. of Iowa and NASA have played a

major role in the program since its inception in 1978.

3.0 The early results

Early papers from the OSS-I/PDP program focused on defining the

environment of the shuttle orbiter. This environment was a critical questlon

mark in the eyes of many future users of the shuttle particularly in the areas

of contamination, plasma, and electromagnetic environment.

3. I The neutral environment

Early measurements of the neutral pressure environment of the orbiter

revealed that the ambient pressure at orbital altitudes was only obtainable in

the near wake of the vehicle and then only after a long period of outgassing.
Even after seven days in orbit, pressure averaged at least an order of

magnitude greater than ambient (Shawhan, 1984c). Not until Spacelab-2

analysis was available would the probable source of such a large vapor cloud
be revealed.

More detailed investigation of the source of large pressure enhancements

led to the study of thruster operations. It was reported that the thrusters

(in particular Primary RCS and to a much less degree Vernier RCS) introduce

major changes in plasma density, ion composition, neutral density, electric

fields, and electrostatic plasma waves (Shawhan, 1984c; Murphy, 1983; Pickett,

1985)o Other investigators have since reported similar results noting neutral_

density increase of up to 1018/m 3 inside the payload bay (~ 7 x 10-5 Tort)

with NO a major component of the enhancement (Wulf, 1986).

3.2 The plasma environment

The plasma density and apparent DC electric field shifts observed near

the orbiter are not yet totally understood but may be related to interactions

of the neutral constituent of the gas plume with the ambient plasma or to the

plasma component per se.

Grebowsky et al. (1983) reported the surprising result that H2 O+ is a

major constituent of the plasma near the orbiter sometimes even dominating the

ambient 0+ ionosphere. The source of these water ions is believed to be in

charge exchange reactions between the ambient 0+ ions and a cloud of H20

molecules generated by outgassing around the orbiter. This H20 cloud may

indeed be a major contributor to the enhanced neutral pressure environment.

The plasma environment near the orbiter not only has an altered ion

composition but reveals the influence of a large body moving supersonically

through its medium. Stone et al. (1986) observe the ions streaming by the

orbiter and study in detail the structure of the wake behind the vehicle.

They took particular note of multiple "beams" of ions with different apparent

source directions and theorize that this is consistent with not only an

additional source of ions close to the orbiter but may imply an E-field sheath

associated with a boundary between the ion source region and the undisturbed

plasma. It could in fact be that this additional source region is consistent
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with observations of Grebowsky (1983) on the production of H2 O+ near the

orbiter.

Reasoner et al. (1986) have underscored the problem of making reliable

ambient ionospheric density/temperature measurements near the orbiter.

Combinations of contaminant ions, plasma turbulence generating heating, and

ram/wake effects make it imperative to move wellsway from the orbiter before

relying on an RPA to reliably characterize the ionosphere. This observation

is of course consistent with all previously discussed results.

Electron densities and temperatures near the orbiter are reported by

Murphy et al. (1986). To first order electron densities are dominated by the

ram/wake effects associated with large bodies. The orbiter is not only large

compared to the debye length (103-104 X D) but also large compared to the

electron and ion gyroradius. This size results in the investigation of a

unique and unexplored region in parameter space and creates perhaps more

questions than it answers. Murphy et al. (1986) report density depletions of

as much as 5 orders of magnitude in the near wake of the orbiter (within the

payload bay) and less dramatic though significant depletions of I-2 orders of

magnitudes at distances reachable by the RMS. Moreover, apparent temperature

enhancements of > facnors of 5 are observed in the wake transition region.

This transition region is also characterized by plasma "turbulence" with AN/N

values of typically several per cent. Secondary effects controlling the

electron density spacial variation involve: I.) the possible enhancement of

electron density in ram (compared to ambient), Shawhan (1984c), Raitt (1984);

2.) the effect of the neutral cloud around the vehicle and the photoionization

of that cloud, Pickett (1985); 3.) the role of the magnetic field both in the

filling in of the wake and the production of V x B potentials in the orbiter

reference frame.

3.3 Electromagnetic environment

The AC and DC electric and magnetic fields on and near the orbiter are

driven by two sources: i.) orbiter EMI associated with the hardware per se;

2.) fields associated with the interaction between the orbiter and its

environment.

The orbiter EMI under JSC's leadership and Rockwell's cooperation proved

to be much more benign than the original ICD specifications would indicate.

Shawhan (1984b) and Murphy (1984b) reported in detail the measurement of that

environment. By using the PDP's sensitive plasma wave receivers and various

RMS maneuvering sequences a "map" of orbiter EMI revealed that the environment

was dominated not by orbiter generated noise but by plasma interaction noise.

This Broadband Orbiter Generated Electrostatic (BOGES) noise (Shawhan, 1984b)

seemed to be associated with plasma turbulence around the orbiter and had

field strengths as great as .I v/m with a relatively flat spectrum up to

~ 10 khz. Although the exact mechanism was not understood, Murphy et al.

(1984a), suspecting that it was similar to the turbulence observed by the

Langmulr probe, indicated that it was noise of relatively short wavelength

(< Im). This noise was observed to be enhanced by any sort of gas release

(_hruster, water dump, etc.) implicating the gas cloud as a production

mechanism. Theoretical work by Papadopolous (1984) suggested that the gas
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cloud mayprovide the "fuel" for enhanced plasma densities by the critical

ionization velocity phenomenon and may be intimately involved inthe

production of this BOGES noise.

Thus we see that the understanding and characterization of the orbiter

environment requires detailed investigation of the inter-reactions between the

orbiter body, its contaminant cloud, and the ionospheric plasma.

For purposes of completeness it should also be emphasized that a large

part of both the 0SS-1 and Spacelab-2 missions were devoted to detailed study

of the behavior and interactions of an electron beam propagating in the

ionosphere. These studies were conducted Jointly with the Vehicle Charging
and Potential (VCAP) experiment (Banks, 1986). The 0SS-I results are reviewed

by Banks (1986) and Shawhan (1984a). Since another paper in this proceedings
describes the VCAP/PDP results in detail no further discussion will be given
here.

4.0 Spacelab 2_. laboratory results, and the emerging picture

Many of the results discussed above began to be published after the

Spacelab-2 mission which was launched in July 1985 but early results had a

significant influence on the science objectives and experiment planning of

Spacelab-2. The landmark nature of the plasma experiments of Spacelab-2 will

gradually emerge over the next several years and, in particular, the

importance of the PDP free-flight activity, described briefly below, in

understanding large vehicle interactions, will become quite obvious. This is

especially true in light of the hiatus of Spacelab type missions in the coming

years.

After performing about 12 hours worth of experiments on the RMS which

consisted of wake studies, EMI surveys, and joint experiments with VCAP, the

PDP was prepped for release as a sub-satellite of the orbiter. The PDP

free-flight scenario consisted of approximately 6 hours of complex maneuvers

by the shuttle orbiter which controlled, in a carefully planned sequence, the

relative positions of the PDP and orbiter.

First, a release and back-away maneuver moved the PDP down the "throat"

of the orbiter wake to a distance of ~ I00 meters. After several

station-keeping experiments the orbiter began a "fly-around" of the PDP. Part

of the fly-around was executed in plane so the PDP would transit the orbiter

wake at distances from 40 to 200 meters. The other part of the fly-around was

out of plane moving the orbiter above and behind the PDP and targeting two

flux-tube-connections (FTC's) per orbit. These FTC's were planned so that

they occurred out of the orbiter's wake with one in the daytime ionosphere and

one at night. The FTC's were quite successful in placing the PDP and the

orbiter on the same magnetic field llne at a relative distance of ~ 200

meters. These FTC's were believed to be accurate to within several meters at

best to a little more than I0 meters at worst. After two "fly-srounds!' and

several wake transits were completed the orbiter approached and captured the

PDP along the velocity vector, again allowing the PDP to examine the near

wake. Dealing with topics as a continuation and refinement of the OSS-I.

results we first discuss the neutral environment.
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4.1 Neutral environment and the contaminant gas cloud

Further measurements by the PDP neutral pressure gauge taken during

pallet operations verified the high pressure environment due to early on-orbit

outgassing. Analysis of vernier thruster operations verified that only the

aft down pointing verniers affected pressure in the bay (Pickett, 1986). No

further observations of primaries are possible because of an instrument

malfunction. A strong point to be made from Pickettts observations are that

large instruments which vent gases can also have dramatic effects of the

payload bay environment, raising pressure to as high as 10-5 Torr. The

orbiter's outgassing is now known to have a major effect on the local

environment.

The contaminant ion gas cloud observations were extended to ~ .5 km from

the orbiter. Grebowsky, 1986 observed contaminant H20+ ions in all directions

around the orbiter. The presence of contaminant NO and 02+ ions was also

reported. It is important to note that the dominant ion in the wake of the

shuttle appeared to be H20+ instead of ambient 0+.

If these ions are created by change exchange with 0+ analysis of their

distribution function would indicate a ring in velocity space. Reports by

Paterson, 1986 provide evidence that this is indeed the case and an attempt to

model the outgassing and chemical reactions associated with it is currently

under way. Observations of the Infrared telescope on Spacelab-2 may provide

additional data on outgassing rates and the structure of the water cloud which

appears to surround the vehicle.

4.2 Further studies of the orbiter wake

Investigation of the structure and dynamics of the orbiter wake both on

the RMS and as a free flyer are being continued. More detailed examination of

the wake turbulence indicate that the magnetic field orientation may affect

the structure of the turbulent zone (Tribble, 1986). Comparisons of the

electron density observed in the wake are being made with predictions of the

NASA POLAR code (Katz et al., 1984) and early results indicate the code may be

quite accurate at predicting at least the first order effects on electron

density. The details associated with magnetic field effects, the role of the

plasma turbulence and pick up ions, and processes which produce the heated

electrons (Murphy, 1986) still must be investigated. Although a detailed

review of wake investigations conducted both in the laboratory and in space is

presented elsewhere in the proceedings it is relevant to discuss briefly some

laboratory results which complement the Spacelab studies.

4.3 Complementary laboratory investigations

In addition to observing the wake region behind large objects as they

pass through the near earth plasma, it is found profitable to perform

laboratory experiments in order to gain some insight into the plasma-wake

environment. Although the parameters may not scale directly to the plasma

that has been examined above, such experiments suggest new avenues for the

spacelab investigations of the future. Herein, we shall review a few recent

experiments performed in laboratory plasma environments whose volume is of the
order one cubic meter, possessing plasma numbers of ne = ni " 106 - 108

electrons/tin3; Te - I-3 eV and T i < Te/10.
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Alikhanov et al. (1971) studied the flow into the wake region created by a

flowing plasma passing a rectangular plate that was at floating potential. In

an extended study, Eselevich and Fainshtein (1980) noted that the expansion of

the plasma from the undisturbed region into the wake could be modeled with a

self similar description. This can be understood from the governing fluid

equations of continuity

vb6n/6z + 6(nv)/6x - 0

and motion

vbS/6z + vgv/6x = -Cs2_;(In n)/gx

where the quasineutral plasma has been assumed to be moving as a beam in the z

direction with a velocity of vb. The ion acoustic velocity is cs. These

equations are identical to the problem of a neutral gas or a quasineutral

plasma expanding into a vacuum and solutions in terms of the self similar

variable _ - x/(z/v b) can be obtained. The POLAR model discussed previously

uses such a quasineutral approximation. Similar results concerning the self

similar expansion into the wake region behind a grounded metal plate were

reported by Wright et al. (1985). In the very near wake region where

quasineutrality would be violated, it was found that the potential would be

the important self similar dependent variable by Diebold et al. (1986). In

this case, the dependent self similar variable becomes _ = x/(z/vb)2 as shown

by Lonngren and Hershkowitz (1979).

As the wake region has a lower density than the ambient flowing plasma,

one might conjecture that the electrons due to their higher mobility would

rapidly enter the wake, creating an electric field which would accelerate the

ions to velocities greater than the ion acoustic velocity. The accelerated

ions have been noted in the experiments of Wright et al. (1985), (1986) and

Raychaudhuri et al. (1986). The potential well that would result from such a

space charge was observed in the orbiter wake by Murphy et al. (1986). That

the electrons can speed ahead of the ions was recently detected by Chanet al.

(1986). Ions could also enter the wake region by being deflected around the

perturbing objects as was recently noted by D'Angelo and Merlino (1986a),

(1986b) in an experiment performed in a plasma in a weak magnetic field

oriented in the direction of the plasma flow. These experiments show results

reminiscent of those by Stone 1986 where streams of converging ions were

observed behind the orbiter. Finally, a series of experiments designed to

examine the flow of plasma around magnetized objects has been described by

Hill et al. (1986). These would be related to the TERRELLA type of

experiments except that the present experiments were performed in a very low B

plasma environment (B " 10-4). A general characteristic of the observations

in this experment was that the magnetic object "appeared" to be larger for the

electrons than the ions since the electron wake had dimensions that were

larger than the ion wake.

Hence, we see that the laboratory experiment provides a controllable

environment in which to suggest future paths for space experiments or to

explain certain space observations. Future work needs to better define the

role of the magnetic field and the charge on the object in question. It

should be noted however that it is difficult to simulate in the laboratory

conditions similar to the orbiter where the magnetic field can be

perpendicular to the flow vector and where gas cloud interactions modify the
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observations.

4.4 Electromagnetic environment and active experiments

Further definition of the electromagnetic environment has shown that the

BOGES noise extends as far from the orbiter as the PDP observed, and was

strongest along field lines connecting to the orbiter and in the turbulent

wake zone (Gurnett, 1986a). Gurnett has also verified that the noise is

electrostatic in nature and has very short wavelength. Considerable

theoretical efforts are currently under way to determine the fundmental

process creating such noise.

Of further interest may be a series of Joint experiments with VCAP where,

during two flux tube connection experiments, dramatic comparisons to the

physics of whistler mode radiation in auroral arcs has been discovered

(Gurnett, 1986b).

Further active experiments conducted by using the orbiter OMS engines to

produce a cloud of water vapor and deplete the ionosphere (Mendillo, 1981;

Mendillo et al., 1978) showed significant plasma depletion, as measured in the

orbiter payload bay, recovering on the timescale of seconds after engine

shutdown (Tribble et al. 1985). Tribble also reported a high level of plasma

"turbulence" which lasted tens of seconds indicating the presence of

instabilities. This phenomenon may be similar to that observed by RCS

ignition and reported by Murphy et al., 1984a, and Shawhan et al., 1984b.

5.0 Summary

It is important, with such a wide range of data, to put together an

emerging picture of the Shuttle orbiter interactions and then systematically

address the experiments which need to be conducted in order to further the

science/technology of large body interactions.

Although laboratory and small satellite observations can shed light on

details of wake structures, and the electric fields associated with them,

large bodies such as the orbiter pose some unique problems. Is the orbiter a

comet? In many respects, there are similarities. It definitely carries its

own gas cloud and understanding how large objects such as the orbiter,

platforms, or space station interact with the plasma demands on more than a

scaling of laboratory experiments.

Part of the interactions around large objects are due to the "scale size"

effect while others are distinctly interrelated to outgassed products and the

change in the balance of the ambient chemical equilibrium. As described by

Grebowsky et al., 1986, the instrumentation required to completely disgrace

the ionospheric chemistry and simultaneously determine all key plasma

parameters requires careful consideration of the specific problems the

spacecraft must study. The PDP is only a first generation experiment with

instrumentation that was not optimized for studies such as "comet" problems.

Future experiments must be designed both for space and in complementary

laboratory setting which can, if not solve the following problems, at least

determine by appropriate empirical means their impact on future technologies.

These problems include:
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What is the effect of gas clouds associated with large objects on their

interaction with the neutral atmosphere and plasma?

a. How does the cloud affect the wake fill process?

be Is the orbiter cloud large enough to create a pick-up current of such

magnitude that it partially screens the motional electric field?

(Pickett, et al., 1985; Goertz, 1980; Katz et al., 1984).

c. For large objects such as space station, could the energy dissipation

associated with such a cloud create significant anomalous drag?

d. How does the cloud affect the charge neutralization process and

current loops associated with tethers, or particle beams?

e. What is the effect of such a cloud on the operation of a plasma

contact.r?

The interactions of large structures with the ionosphere through

electromotive forces associated with differential charging, absolute

charging, and closed current loops are not well understood.

The phenomena of vehicle glow, its relationship with the plasma, the

neutral cloud and the interacting surface has given rise to conflicting
theories with insufficient data to resolve the issue. (Green, 1985)

Understanding of the total picture associated with large body wakes

involves more than models of electron and ion density. Nave particle

interactions, atmospheric chemistry, vehicle charge, and magnetic fields

must be included in the analysis.

Joint particle beam experiments such as those between PDP and VCAP have

raised many questions about the propagation of beams from structures like

the orbiter. This is an immature experiment because until SL-2 no

experiments (other than short sounding rocket flights) have provided

remote diagnostics on such beams. (See the paper by Banks et al. in this

proceedings for more detail.)

6.0 Recommendations

The Challenger accident has dealt a severe setback to the space

experiments associated with large body/plasma interactions. It is unfortunate

that the space station is set to proceed on course with little opportunity in

the next 6 years for detailed study of the technical issues that should be

resolved before it proceeds.

Studying such problems requires a commitment by NASA to a program which

must involve the development of instrumentation adequate to measure the

appropriate parameters, flights of opportunity within the next five to six

years for such instruments, support of working groups consisting of

experimentalists who may have relevant data from past missions and theorists

attempting to model the phenomena and, last of all, well designed and executed

laboratory experiments.
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Last of all it is of paramount importance that those scientists and

engineers evolved with the state of the art of large body interactions, gas

cloud dynamics, high voltage effects, etc. have effective knowledge transfer

to those individuals and organizations making the design decisions of the

future.
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CONTAMINANTIONSANDWAVESIN THE SPACE STATION ENVIRONMENT

G. g. 8urphy

Department of Physics and Astronomy
The Unlverslcy of Iowa

Iowa City, IA 52242

Introduction

It is a difficult task to estimate, with any degree of certainty, the
probable environment of any large space structure or system given chat the

system has not been firmly defined. This environment is a product of =he
natural environment and Its interactions with that s r_ruccure and system. We
shall distinguish between the so-called induced environment, the molecular,

particulate, photon and wave environment which results from the disturbing
effects of a large object flytnR at orbital speeds through the ionosphere, and
the contaminant environment which is produced when solids, liquids or gases
are released from the system and interact with the induced environment in an

array of chemical and physical processes. Our task is made particularly

difficult by two important unknom_s: a firm definition of the system and its
contaminants; incomplete knowledge of the chemical and physical processes

which can take place. In this paper we will address the probable plasma

environment of Space Station. That Is, we will discuss the particles (ions
and electrons) and waves which will likely exist in the vicinity of the Space
Station and how these may affect the operation of proposed experiments.

Differences between quiescent operational periods (as defined by JSC 30426)
and non-operational periods as well as probable effects from Shuttle
operations will also be discussed. Areas which need further work are
Identified and a course of action 8uggesced.

Background

Much of our knowledge about the Interactions between large bodies and the
ionospheric plasma had, until the time before Shuttle flights, been obtained
from observations aboard small scientific satellites and various scaled

laboratory investigations. The recent era of Spacelab-type payloads aboard
the Shuttle orbiter has provided a wealth of heretofore unobtainable

information. The Shuttle is not only the largest body flown to dace but, as

was discovered over a period of time, carries with it a large _as cloud. The
discovery of "Shuttle Rlow" CRanks etal., 19R3), broadband electrostatic

noise (Shawhan etal., 19848), heated electron populations (HcHahan et at.,

1983), a modified ion environment (Hunton and Carlo, t985), and contaminant
ions in the wake (Orebowsky et at., 1987) have begun to fill in nieces in what

appears to be a complex puzzle associated with the larRe body induced
environment and contaminant interactions. Recent studies of the neutral and

ion population during thruster operations (Null and Von Zahn, t986; Nsrcisi et
kl., 19R3; Shawhan ecal., 1984b_ modification of the plasma during FES
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operations and H20 dumps (Pickett etal., 1985), the discovery of plck-up ions
consistent with chemistry of the H20, 0+ interaction (Paterson, 1987), as well

as observations by neutral mass spectrometers (Wulf and Von Zahn, 1986;

Miller, t983), have helped to sort out the differences between interactions
which are of the induced variety and those which result from release of

concaminants by the orbiter. Observations by IR, optical, and UV instruments

on board the orbiter (Torr, 1983; Torr and Torr, 1985; goch etal., 1987), and

by IR on the ground (Witteborn etal., 1987) have provided insight into the
effects of both absorption and emission by this contaminant population. _t is

now clear as a result of these pathfinder experiments chat in order to conduct

experiments in plasma physics, provide long-term monitoring end a data base
for the ionosphere, observe astronomical targets over a broad range of
wavelengths, and provide sensitive remote sensing capability, the Space
Station environment must be cleaner than that of the orbiter in many respects.
Much work has already been done in assessing Just how clean that environment

must be in order to meet the minimum science requirements (Space Station
Payload Contamination Compatibility Norkshop, 1987). It will be the purpose
of this paper So assess what the particle and wave environment might be and

whether the current specifications are adequate in this regard. This
assessment will be based on current contamination control requirements,

knowledge of proposed space station configuration, and our best guess about
the scaling laws for certain plasma interactions.

Particle Environment

A number of investigators have studied the composition of the Shuttle ion
environment and compared it to that which was expected of the natural

environment at the orbiter altitude (Grebowsky et el., 1987; Stsktnd etal.,

t984; Reasoner etal., 1986). The studies observe large amounts of R20 + which
results from the rapid charge exchange reaction

R20 + O+ * R20+ + O

as well as smaller amounts of R3O÷.

R20++ H20 * R30+ + OH

The amount of H2O+ (and R3 O+) observed appears to be directly proportional

to the surface temperature leading to the conclusion that most of this
observed water is offgassed from Shuttle tiles or other porous surfaces

(Narcisi etal., _983). The amount of water can be estimated by neutral mass

spectrometers but caution must be taken since frequently these instruments can

only observe molecules which are scattered back toward the orbiter either by
collisions with ambient molecules or the cloud itself. Several attempts have
been made to estimate water density or by observing the ion population and
then doing a kinetic analysis. This has been done with observations obtained

within the orbiter bay (Narcisi, 1983) and with data which were obtained
during the PDP free-flight on Spacelab 2 (Paterson, 1987). Other estimates

have been obtained by observing the infrared signature and then estimating
column densities (Roch et at., t987). The remarkable thing about all of chess
methods is that although they have shown some decay in the amount of water

during the lifetime of the mission and variation among missions, the neutral
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observaclons, ion observations, and TR observations give a consistent picture
which can be modeled within the accuracy of the known cross sections for the

charge exchange reaction. The significance of this is that if we know one of
the above parameters accurately, e.g., column density from TR observations, we

can predict another, e.g., contaminant ion population, through a modeling of
the chemistry and kinetics of the gas cloud. Several authors have developed
models of this "_as-cloud" interaction; notably Patterson ([987) has modeled
a steady state cloud and shown the production of H20 + to scale with background
0+ density and Hastings et el. (1987a) have developed time-dependent models

of clouds which would be associated with a brief gas release, such as the

opening of a gas relief valve or a thruster operation.
This contaminant ion population can be a source of several problems.

(I) These ions create an additional wake which trails the object in a sense
which is perpendicular co the magnetic field line instead of parallel to the

velocity vector.

(2) Depending on the nature of the ions they may result in a deposition
problem on some surfaces facing the ram direction.

(3) Depending on the excitation state of the ions, they may add to the IR,
optical or UV spectrum which is sensed by a particular instrument.

(4) The current created by these plck-up Ions is believed to be responsible

for plasma instabilities which enhance the background wave environment.

(5) Molecules which have low ionization potential may be susceptible to the
critical ionization velocity (CIV) process causing enhanced plasma density,

production of wave turbulence, and possible photon emission.

Let us look at the above possibilities in light of Space Station
operations. Althou_h much of our shuttle experience has been gained by

observing the H20/O + interaction, any process such as charge exchange,
photolonlzatlon, ionization by CIV, etc., will produce the pick-up ion cloud
and present a similar sec of problems to experiments or the Space Station.

Figure l presents a cartoon of the composite nature of the Shuttle
environment to illustrate the first point above. Superimposed on the induced

environment (i.e., the neutral and plasma wake) is the wake produced by the

pick-up ions. Generated in the orbiter rest frame they will appear to move
past the vehicle perpendicular to field lines. Any experiment expecting to be
in the neutral or plasma wake may in fact be in a location dominated by these

contaminant ions. As mentioned in point 2, it is clear that these ions could
interact with or stick to surfaces when they were presumed to be part of a

freely expanding cloud. Possible surface degradation could result from the
fact that they can strike the ram surfaces with near orbital velocity (their
energy is dependent on the reaction that creates them as well as their mass).

This implies chemistry which takes place in front of ram surfaces (e.g., glow)
and that which takes place on surfaces must take these ions into account.

Regarding point 3, since these ions form an asymmetric distribution about

the vehicle and since their column density is greatest in the wake direction,
it is important to evaluate not only the atomic physics associated with the
neutral molecule but its ionized and possibly excited state as well. If the
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ionized species has a particular emission line which is undesirable optically,

thls may be particularly noticeable in the wake direction.

Ne will discuss In more detail the effects described by points 4 and 5 in

the next section. LeC us first, however, summarize the primary contributors

co the Ion environment.

Molecular contamlnanCs resulting from outgassed or vented products can

interact with the ambient population through several processes creating an

ionized cloud which will trail behind the Space Station much like the tail of

a comer. If the lonlzable contaminants are held to levels well below chat of

the Shuttle (how much below will be discussed in the next section), the Ion

envlronmenc during operational periods should be acceptable to most

experimenters. However, a very important _ap exists in our knowledge. A

study of the OSSA Space Station waste Inventory (8oeley ec at., t986) reveals

a large number of possible waste gas and liquid products. Although

Interactions of simple molecules llke R20 , N2, and CO 2 wlch the 0+ plasma are

reasonably well understood, the chemlscr7 of Chls large possible "soup" of

waste products involves many unknowns. It would seem prudent Co assess the

possible inceracClon of some of these waste gases by realistic laboratory

experimenCs before deciding chat Chef are allowable vent gases.

Wave Envlronmenc

It will be dlfflcuZc co assess whether the wave environment described tn

JSC 30420 and JSC 30237 can be met in Its entlreCy. Analysis of the wave

environment aboard the orblcer based on PDP data from OSS _ and Spacelab 2

have led co the emerging plccure, again depicted by the cartoon of Figure I,

that the broadband noise environment may be dominated not by the induced

environment associated wlCh the large body InCecactlon as was originally

believed, but by production of waves by the gas cloud itself. If this is the

case it may be possible to correlate the general level of thls background

noise to the density of the water cloud. In Figure 2, we present dace that

have been compiled from the published llceracure (Pickett et at., 1985). The

level of noise at 1 kHz (chosen as typical of the broadband noise spectra for

chase ffaCa) is plotted for three different cases of "small" gas cloud

releases. The level of uncerCalnC7 in the measurement of H20 density is

represented by the verclcal error bars. The three cases chosen represent

almost 3 orders of magnitude in gas quantity. In al_ cases the dominant gas

is H20. The first ts the R20 vapor cloud associated with the orb/Car

out,assEnt per se, the second an operation of the Flash Evaporator System

(FES), and the third a typical operation of a VRCS thruster. In all cases the

releases were on the dayside and in an ambient density of O+ plasma of -lO 5
q

cm • Note that the dace tndlcace that the noise is linearly proporClonal co

the density of gas released. The bast fic Co the data £s thac the intensity

(act kHz) of electrostatic noise is propocClonal to the produce _ H20 and O +
density. The constant of proporclonallc7 is such chac aca t g s release

rate the measured elect[it fletd anywhere within the general interactlon

region will be ~l mV m-" in a 150 Hz bandwidth. (150 Hz is the approximate

bandwidth at which these measurements were made.) Thls law is cerCalnly not

absolute but leads the author to believe that most of the observed noise can

be c_ed co this contaminant release. Further examination oE turbulence

measured by the tangmuir probe and electrostatic waves observed near the

orbiter wake by the PDP on Spacelab 2 leads one co speculate thaC the wake
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Fig. 1. The neutral cloud of gas which expands from the orbiter undergoes
chem£cal interactions such as change exchange which results in an ion tail

and creates plasma waves presumed to be driven by the Lon currents.

noise is dominant only in a region confined co the wake and wake boundaries
and most wake noise observed elsewhere is dominated by the production of noise

associated with instabilities resulting from ton pick-up [current generated by
the contaminant water cloud.

In order to properly scale this phenomena we _ust establish more firmly
instability that causes the wave growth and the process that saturates the
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Fig. 2. Gas releases of three different magnitudes and the measured
electrostatic noise show roughly a linear correlation. Estimates of

outgasslng rates for the first data point are a consensus of observations of

inferred column density from IR and measurements of both ion and neutral

densities. Emission rates of FES and VRCS ere well defined.

instability. CIV may play a role in this process (Papadopoulos, t984) but
will again be very dependent on the gas composition. More experiments are

required before we can definitely say that the above scaling law applies to
molecules other than water, since the importance of a particular instability

or CIV varies wlth molecular species.

Extrapolating this insight into the Space Station environment we are again
led to conclude that the plasma environment will be acceptable and the JSC

requirements met only during periods where ionizing components of the
contaminant gases are minimized. Although the large modules and solar arrays

may be a source of plasma noise generated by turbulence in their wake, at
points midway along the transverse boom or on the upper or lower keel, this

noise may be at an acceptable level at least for some geometric configurations

of the veloclCy vector and magnetic field_ O_her sources of noise, currents
carried by the structure to complete the V x B current loop (Hastings and

Wang, 1987), radiation of noise by the cable trays or solar arrays or currents
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(Hastings et el., 1987b), conduction of noise by sheath waves, etc. must be

solved by appropriate design and are not within the scope of this discussion.
What numerical limits must be placed on the ionizing contaminants in order

to meet the JSC 30237 specification and provide an environment free of this

source of noise? Examining JSC 30237 for the spec on broadband emission for

systems at s_andar_ locations, we find that at I kHz we must be less than
103 dB uV m- MHz--. Scaling to the 150 Hz bandwidth of the measurements

taken in compiling Figure 2, we find that these emissions must be less than

~0.02 mV m-; which, using the linea_ scaling law of Figure 2, implies an
emission rate of water of <20 mg s • This should be manageable for a

structure like the Space Station which will not be covered with a material
that continually outgasses water. The mass release race of other ionizable

eolecules could be scaled appropriately depending on their cross section for
ionization. The sum total of all of these easily ionizable molecules would

then have Co be such Chat their emissions are below JSC 30237 specifications.
This compares favorably with recommendations from the Space Station Payload

Contamination Compatibility Workshop which recommended lower column densities

of most species.
In January 1987 the OSSA contamination compatibility workshop recommended

several changes in JSC 30426, which included lowering total acceptable column

densities of 02 , N2, end H2, as well as noble gases and other UV and non-IR
active molecules. A further specification should be included which defines
ionizable gases and the acceptable release rates for them. Furthermore, it is

very important that we _ain s detailed understanding of the chemistry and
physics of reactions which occur between the ambient environment and the large
shopping Iist of molecules which may be released during the non-operational
periods to insure chat experiments and the Space Station hardware are not

subjected co effects described earlier.

Non-Oulescent _nvironment

JSC 30426 states that the Space Station be capable of supporting quiescent
operation periods of up to 14 days. This period of minimum perturbation is

essential for many science investigations and any disturbances during this
period, however m4nor, must be noted. IC is noc clear Chat the requirement to

record such disturbances is fully satisfied. Section 5.0 simply states chat
"...monitoring of the environment to a limited extent will be required."

Since the IOC phase Space Station will not be gravity gradient stable, some
fine tuning of attitude will be required. Whether it is accomplished with

Jets only or some combination of Jets and gyros is unclear. It is clear,
however, that during the Ion s "quiescent" periods there will undoubtedly be

some disturbances whether they be occasional Jet firings, experiment vents,
purges, or relief valve operations, EVA crew activity, etc. A clear
requirement to monitor specific critical aspects of the environment must be in

place. Space Station elements must have a way of "notifying the system" of an

impending disturbance. Some monitoring can and should b_ real tlme and some
may only be required after the fact. Whether PtMS or some other monitoring
package is responsible is yet to be determined but the requirement must be a

system responsibility with data accessable to all.
Non-quiescent periods, such as Shuttle docking, will provide significant

disturbances. It is the concensus of a number of independent observations
chat the Shuttle orbiter carries with it a large amount of contaminant
material, particularly water. Column densities near the orbiter of 1012 to
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1013 should be expected. There is some disagreement over the decay time of

the associated cloud. IECM observations (STS-2, STS-3, STS-4) indicated an

initial decay time of ~tO hours. However, Narcisl et al. (1983) has observed

wide variations In the water density cloud with some overall decrease in H20

density wlth tlme, but a much stronger correlation between density and surface

temperature. Raltt (private communication, 1987) reports that an ion

signature, characteristic of H20÷ in his retarding potential analyzer,

practically disappeared by the end of mission 51F. (5IF spent a lot of time

in a hot attitude due to al several day long solar observation cycle.)

The conclusion that may be reached from all of this is that the amount of

contamination that will be carried into the space staclon environment by the

orbiter may be reduced by simply wai_ing some minimum period of time (_24

hours) in a relatively hot attitude behind the station, then going to a cool

attitude for several hours before beginning the approach and docking. Clearly

It will not be possible to operate some experiments while the orbiter is in

rendezvous phase, both because of the outgsssed cloud and thruster plume

impingement. Docking procedures which minimize plume impingement and thruster

actlvlcy will be preferred. Operation of experiments while the orbiter is

present may be possible and is dependent on the type of experiment.
Other disturbances to the environment, such as EVA activity, should be

scheduled as much as is practical for the non-qulescent periods since gaseous

products associated with the EVA suit can provide significant disturbances.

Summary

The developing requirements for Space SCatlon must be responsive to the

needs of the user and in line with the reality of Space Station logistics.

They must also be internally consistent, be carried out co as full an extent

as possible, and be "living documents" which can incorporate new knowledge as
it becomes available. The FNNG (Particle and Naves Working Group) has been

responsive to the user's needs in writing requirements and assuring that the
proper tools are in place to implement them. The definition and control of

the particle, plasma, and wave environment has incorporated specific needs
from a wide range of potential users. The Contamination Working Group has
likewise been responsive and JSC 30426 reflects the panel's concern for the

cleanliness of _he Space Station environment for the user, the Station safety
and longevity, and for the preservation of the delicate natural chemical

balance of _he ionosphere. It is not clear whether some oversight group such

as the CWG will be responsible for continual evaluation and enforcement of the

requirements. Some mechanism will be required to do this.

Only minor modifications to the documents may be required, but the

importance of these modifications cannot be over emphasized. Let us first

deal with recommendations to changes in JSC 30426:

(I) Incorporate speciflc requirements relating to easily ion[zable

molecules which contribute to the plasma environment. This should be stated tn

g s- emission instead of column density; e.g. total water emission should be
less than ~I mg s- for adequate margin. Other common gases which contribute

to this environment are N2, CO2, and H2, e.g.:
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N2 + O+ * N2++ 0

R2 + 0+ ÷ NO+ + N

(2) Analysis of proposed venCed produces during non-operatlonal periods

must be performed Co determine if the proposed contaminants are acceptable.

(3) More specific reoulremenCs for moniCorlng Che environment should be

in place. These should include real time or "warn" flags for certain releases
which muse be accounted for in data analysis or known about ahead of time.

JSC 30252, the Plasma Effects Control Process Requirements Document, must

be consistent wlch the expecced contamination levels and reflect the

difference between operational and non-operaclonal periods. Further
recommendations in regards co operational considerations are the following:

(t) The orbiter should be allowed to outgas for _24 hours before docking

wlth the Staclou (the orbiter should be behind the Station).

(2) Procedures minimizing thrusCer activity and plume impingement should

be implemented for docking activity.

(3) Any plan which Lncludes continuous thrusting for reboosc should be
eliminated for environmental considerations.

(4) Brief gaseous releases, either by SCatlon hardware or ocher equipment,
must be minimized, documented, and made available in a common data base.

(5) EVA actlvlCy should be confined to non-qulescent periods whenever

possible.

(6) It may be appropriate co include a section on operational Ruidelines in
the JSC 30426 documenc.

Last of all, several recommendations regarding uncerCalntles about the
physical processes involved are appropriate:

(l) The cross secCions for charge exchange reactions of a broad range of
molecules are not well known for 0_ at 5 eV.

(2) The sueceptabtlitF of certain molecules co CTV at Space ScaCion
altitudes is unknown. Laboratory and Shuttle experiments are appropriate.

(3) The precise cause of "Shuttle glow" must be determined.

(4) Models which predict line-of-slght emissions and absorpClon muse take

into account possible ionized species thac are present. In order Co do this,

accurate models of cross sections for reactions are required.

(5) The mechanism for production of broadband instabilities muse be better

understood so scaling laws can be used with more assurance.

i
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All of the above physical considerations may also be applied to co-orbiting

platforms. The environmental constraints may be similar or tighter depending
on experiment complements.
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ABSTRACT

In August 1985 the University of Iowa's Plasma Diagnostics

Package was used in the Spacelab 2 mission to study the plasma

environment near the shuttle orbiter. Measurements of the plasma

density and the percentage density fluctuations yielded information

about the structure of the orbiter's wake. These data appear to be in

general agreement with previous shuttle results and with laboratory

observations of plasma flow-body interactions.



The Spacelab 2 mission PDP (Plasma Diagnostics Package),

designed and buflt at the University of Iowa to study the plasma and

electromagnetic environment of the shuttle orbiter, was a satellite

53.3 cm tn radius and 66 cm in hetght, which could be either

positioned relative to the shuttle by the RHS (Remote Manipulator

System) or ejected into free fltghto One of the instruments on the

PDP was a Langmutr probe, consisting of a 3 cm diameter gold-plated

spherical sensor and associated electronics. The Langmutr probe was

mounted on a moveable boom which was extended to a distance of about

60 cm from the cylindrical axis of the PDP during wake studies.

The Langmuir probe is a relatively simple instrument which

has two operational modes, working either as an electron density/

temperature measurement tool, or as a diagnostic for &N/N fluctuations

in electron denslty over the frequency range 1 - 40 Hz. The elec-

tronics is alternated between the two modes by a timing signal

generated by the PDP spacecraft encoder. The total cycle lasts for

approximately 13 s and consists of a 12 s "lock" period during which

the probe Is held at +I0 V relative to the PDP chassis, followed by a

I s, 120-sample sweep from +I0 V to -5 V (I).

During the lock period, the probe output current is sensed by a

logarithmic sensor and sampled through three filters: I Hz low pass,

I - 6 Hz bandpass, and 6 - 40 Hz bandpass. The I Hz filter provides a

signal proportional to the plasma density, whereas the 6 - 40 _z band-

pass filter output is proportional to the percentage density fluctua-

tion, AN/N.



For almost one hour during the Spacelab 2 mission the PDP was

positioned by the RMS at approximately l0 m directly above the

orbiter cargo bay (Fig. I). The orbiter then underwent a slow roll,

at the rate of I degree per second, so that the PDP would pass alter-

nately from the ram of the plasma flow into the orblterts wake, nine

times during the one-hour period. During this maneuver the orbiter's

x-axis, as defined in Fig. I, remained perpendicular to the plasma

flow vector.

In Figs. 2, 3, and 4 we present samples of data obtained by the

Langmuir probe during this period. Figs. 2a, 3a, and 4a show the

plasma densities measured by the Langmuir probe as a function of time,

while Figs. 2b, 3b, and 4b indicate, on the same time scale, the

behavior of the percentage density fluctuation, AN/N, measured by the

6 - 40 Hz bandpass filter. The data in Fig. 2 refer to daytime

conditions, those in Fig. 3 are for daytime conditions until

0201:31UT and for nighttime conditions after 0201:31UT, while those

in Fig. 4 are for nighttime conditions. During the one-hour roll

period some of the thrusters on the orbiter had to be fired so that

the proper attitude and roll rate were maintained. The times of

thruster firing are indicated in Figs. 2, 3, and 4 by vertical arrows.

Evidently, these thruster firings are responsible for some of the

bursts seen in the density fluctuation data. The times at which the

PDP is in the middle of the shuttle wake are indicated by asterisks.



These times are spaced one from the next by approximately 6 mln,

corresponding to a roll rate of ! degree per second.

An examination of the wake transits indicates that the electron

density in the wake of the orbiter is, typically, more than 2 orders

of magnitude smaller than the density measured in the ram of the

plasma flow, in general agreement with the results reported, e.g., by

Murphy et al. (I). Density depressions are also observed when the

Langmulr probe is located within the wake produced by the wrist joint

of the RMS, these times being labeled by triangles (2). The arm wakes

are, of course, of smaller depth and duration than the orbiter wakes.

As far as plasma density fluctuations are concerned, one

notices that, in the frequency range 6 - 40 Hz, ANIN is, typically, on

the order of I-3% all around the shuttle orbiter. However, a special

feature of this noise stands out, namely a substantial decrease of the

noise within the shuttle wake, with enhancements occurring at its

edges, when the Langmuir probe moves either into or out of the wake.

This phenomenon has been reported and discussed previously by Murphy

et al. (I). It appears also to be in line with recent laboratory

observations by Merllno and D'Angelo (3) even though the laboratory

scale size was much smaller. In studies of plasma flow-body inter-

actions performed in a so-called DP (Double Plasma) device,

an interesting complex noise structure in the wake of a metallic

object was uncovered. The positions at which the noise amplitude is

largest form an x-pattern downstream of the object. A scan of this

noise pattern at Just one fixed distance from the object would, of



course, have produced a result similar to the one obtained by the

Langmulr probe on the PDP as it swept the ram-wake transition around

the orbiter.
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FIGURE CAPTIONS

Fig. I. Location of the PDP on the RMS, relative to the shuttle

orbiter, during plasma wake studies.

Fig. 2. Plasma density (a) and density fluctuation (b) data,

0152-0158 UT, day 212, 1985.

Fig. 3. Plasma density (a) and density fluctuation (b) data,

0158-0204 liT, day 212, 1985.

Fig. 4. Plasma density (a) and density fluctuation (b) data,

0204-0210 tiT, day 212, 1985.
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